Infrared spectrometer calibration mono- chromator study  final report by Henderson, B. D. & Zerucha, J.
. -. 
. 
. 
INFRARED SPECTROMETER 
CALIBRATION MONOCHROMATOR STUDY 
Contract 950974 
(Subcontract under NASA Contract NAS 7-100) 
GPO PRICE $ I 
FINAL REPORT 
Prepared for 
California Institute of Technology 
Jet Propu1si;n Laboratory 
Beckman Instruments, Inc., Space Engineering Department, Fullerton, California 
https://ntrs.nasa.gov/search.jsp?R=19650015807 2020-03-17T01:47:46+00:00Z
I .  
I 
I 
I  
I  
I Beckman"1 
INFRARED SPECTROMETER 
CALIBRATION MONOCHROMATOR STUDY 
FINAL REPORT 
This work was performed for the Jet Propulsion Laboratoty, 
California Institute of Technology, sponsoted by the 
. .  National A W O X M U ~ ~ ~  4 - -  Speae
ch&aa !?@si%4s *a! WdeK 
Prepared by 
B. D. Henderson 
J. Zerucha 
For  
C a l i f o r n i a  I n s t i t u t e  of Technology 
Jet Propuls ion Laboratory 
Contract 950974 
(Subcontract  under NASA Contrac t  NAS 7-100) 
SCIENTIFIC AND PROCESS 
INSTRUMENTS DIVISION 
FULLERTON, CALIFORNIA 
I * .  
F O R E W O R D  
This  F i n a l  Report  on the  I n f r a r e d  Spectrometer Ca l ib ra -  
t i o n  Study conducted by Beckman Instruments ,  Inc. f o r  
t he  C a l i f o r n i a  I n s t i t u t e  of Technology, Jet Propuls ion  
Laboratory,  desc r ibes  the  o p t i c a l  system which Beckman 
recommends f o r  t h i s  instrument,  and d i scusses  the  r e -  
quirements f o r  t h e  va r ious  o p t i c a l  components t o  be u t i l -  
i zed ,  The work on t h i s  p r o j e c t  was performed under Con- 
t rac t  950974, which is a subcont rac t  under NASA Contrac t  
NAS 7-100. The scope of the  work i s  def ined  i n  the  
SCHEDULE included i n  the  sub jec t  con t r ac t ,  which is  re-  
produced on t h e  fol lowing page. 
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Contract  No. 950974 
SCHEDULE 
ARTICLE 1. STATEMENT OF WORK 
(a) The Cont rac tor  s h a l l :  
(1) Conduct a s tudy  of the des ign  of an I n f r a r e d  Spectrometer 
C a l i b r a t i o n  Monochromator and provide a design s p e c i f i c a -  
t i o n  f o r  t h e  optimum o p t i c a l  arrangement i n  accordance 
w i t h  t h e  Beckman Technical  Proposal  CS 64-654, dated  25 
June 1964, 
(i) Aperture - f / 3  or f a s t e r .  
(ii) S l i t :  
(A) Height - 1 5 m  minimum 
(B) Width - v a r i a b l e  5 microns t o  4mm 
(C) Shape: 
(I) Exit s t r a i g h t  
(11) Entrance may be curved 
(iii) Resolu t ion  a t  .3mm s l i t  width s h a l l  equa l  1000 (no 
overlapping orders).  
( i v )  Wavelength region l p  t o  15p. 
(v) Dimensions maximum 18" by 18" by 24". 
(vi)  Environmental opera t ion  shall be remotely a d j u s t a b l e  
f o r  ope ra t ion  i n  vacuum of Hg a t  temperature  of 
80" K. 
( v i i )  D i s t r i b u t i o n  of energy a t  the  e x i t  s l i t  s h a l l  be 
determinable,  assuming uniform i l l umina t ion  of t he  
en t rance  s l i t .  
(2) Provide one (1) vellum and t e n  (10) p r i n t  copies  of  a 
F i n a l  Report which s h a l l  include,  bu t  no t  n e c e s s a r i l y  be 
l i m i t e d  to, the  following : 
( i )  Out l ine  of o p t i c a l  layout. 
(ii) O p t i c a l  components l i s t  spec i fy ing  s i z e s ,  shapes, 
l o c a t i o n s  and tolerances and adjustments thereof .  
(iii) Grat ing  and/or  p r i s m  o r  p r i sms  s p e c i f i c a t i o n s  i n -  
c luding  t h e  following d e t a i l s  : 
(A) Blaze 
(B) Blaze Angle 
(C) Spacing 
(D) Energy D i s t r i b u t i o n  
( iv)  F i l t e r s ,  b a f f l e s  and a u x i l i a r y  device s p e c i f i c a t i o n s .  
(v) Summary of the work performed and any unique problems 
encountered and s o l u t i o n s  o r  attempted s o l u t i o n s  
the  re t o  e 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
. .  
SECTION 
1.0 
2.0 
2.1 
2.1.1 
2.1.2 
2.1.3 
2.1.4 
2.1.5 
2.1.6 
2.1.6.1 
2.1.6.2 
2.1.6.3 
2.1.6.4 
2.1.7 
2.1.8 
2.1.9 
2.1.10 
2.1.10.1 
2.1.10.2 
2.1.10.3 
2.1.10.4 
2.1.10.5 
2.2 
2.2.1 
2.2.2 
2.2.3 
2.3 
2.3.1 
2.3.2 
TABLE OF CONTENTS 
TITLE 
INTRODUCTION 
TECHNICAL DISCUSSION 
The Calibration Monochromator 
Reasons for Choice of Monochromator Optics 
Definition of Axis Systems 
The Calibration Monochromator Axes Systems 
The Grating Rotation and Its Aperture 
Ray Trace Procedure 
Results of the Ray Trace of the Calibration Monochromator 
Aberrations at the Exit Image 
Slit Curvature 
Diffraction Slit Function 
Resolving Power, Resolution and Linear Dispersion 
Grating Selection 
Wavelength Cam vs. Lead Screws 
Wavelength Cam Design 
Allowable Tolerances in Construction Dimension 
Mirror Support Surfaces 
Collimating Mirror 
Grating 
Slits 
Effects of Temperature and Vacuum 
Optical Coupling for the Calibration Monochromator 
Single Mirror Coupling Optics 
Double Mirror Coupling Optics 
Results of Ray Trace 
Approximate Dimensions of Optical Components 
Gratings 
Collimating Mirror 
PAGE -
1 
3 
3 
3 
5 
7 
8 
10 
16 
16 
26 
30 
33 
37 
40 
44 
46 
51 
54 
55 
57 
58 
62 
63 
65 
68 
74 
74 
74 
- iv- 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
. .  
LIST OF ILLUSTRATIONS 
FIGURE NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11A 
11B 
12 
13 
14 
15 
TITLE 
Geometrical Presentation of Calibration Monochromator 
Incident Angle i vs. Wavelength for a Littrow 
Monochromat or 
Ray Starting Points on YO4-204 Plane (15 points) 
Ray Position at Grating Aperture in Y2-22 Plane 
Relative Energy Distribution for a Triangular 
Real Slit Function for 6 Entrance Slit Starting 
Resolving Power of Littrow Monochromator 
Relative Grating Efficiency for 3 Optimal 
Areas of Use on Paraboloid Mirror Surface 
Single Mirror Slit-to-Slit Coupling Optics 
Two Mirror Telescopic Coupling Optics (X-Z View) 
Two Mirror Telescopic Coupling Optics (X-Y View) 
Zones of Illumination on the Calibration Monochromator- 
Case for Single Mirror Coupling Optics 
Zones of Illumination on the Calibration Monochromator- 
Slit Function 
Points and for i Values of; 4Q,200,500 
Blaze Conditions 
PAGE 
4 
11 
12 
14 
18 
25 
36 
41 
53 
64 
66 
67 
69 
-
Case for Two Mirror Telescopic Coupling Optics 70 
Entrance Slit Position - Case for Single Mirror 72 
Entrance Slit Position - Case for Double Mirror System 73 
LIST OF TABLES 
Table I Calibration Monochromator - Exit Slit Plane 
Characteristics 
Table I1 Slit Curvature Displacement in ZO4 Values 
Between 1-4O and 1-500 
Table I11 Slit Curvature Displacement in Z04 Values 
Between i - 40' and i - 20' 
20 
28 
29 
- V- 
I 
~ ~~ ~~ 
TECHNICAL REPORT 
INFRARED SPECTROMETER 
CALIBRATION MONOCHROMATOR STUDY 
FINAL REPORT 
1. INTRODUCTION 
The purpose of t h i s  s tudy  was t o  determine the  opt imal  des ign  f o r  a C a l i -  
b r a t i o n  monochromator t o  be used t o  measure t h e  q u a n t i t a t i v e  performance 
of v a r i o u s  spectrometers  f o r  use i n  space app l i ca t ions .  The en t r ance  
o p t i c s  of  the  c a l i b r a t i o n  monochromator w i l l  be provided wi th  a source o r  
sources  of r ad ia t ion ,  and the  monochromatic r a d i a t i o n  passing through the  
e x i t  s l i t  i s  t o  have an  a c c u r a t e l y  known s p e c t r a l  energy d i s t r i b u t i o n .  
This  ou tpu t  energy w i l l  be fed i n t o  the  en t r ance  s l i t  of t h e  monochromator 
under test  by means of coupl ing opt ics .  
ope ra t ion  of t h e  system, it is  necessary t h a t  the  s l i t s  and t h e  d i s p e r s i v e  
element of the  c a l i b r a t i o n  monochromator be f i l l e d  wi th  a b s o l u t e l y  uniform 
r a d i a t i o n .  
under tes t  wi th  a b s o l u t e l y  uniform i l l umina t ion  a t  both  t h e  en t r ance  s l i t  
I n  o rde r  t o  in su re  s a t i s f a c t o r y  
The coupl ing o p t i c s  must s i m i l a r l y  i l l umina te  t h e  monochromator 
and the  d i s p e r s i v e  element of t h i s  monochromator. 
Some o p t i c a l  coupl ing d i f f i c u l t i e s  between t h e  c a l i b r a t i o n  monochromator 
and t h e  monochromator under t e s t  may r e s u l t  from t h e  o p t i c a l  conf igu ra t ion  
of the  lat ter.  The mul t i -de t ec to r  monochromator which w a s  designed f o r  the 
Jet  Propuls ion  Laboratory by Beckman Instruments, Inc. under c o n t r a c t  f950880 
is an  example of t h i s .  This p a r t i c u l a r  monochromator has i t s  en t r ance  s l i t  
- 1- 
t i l t e d  from the  v e r t i c a l  bo th  forward and s idewise  i n  o rde r  t o  a s s u r e  op- 
timal image o r i e n t a t i o n  a t  the  s p e c t r a l  image plane where the  spectral  
images of t he  en t r ance  s l i t  must be properly o r i e n t e d  f o r  r ecep t ion  by a 
mul t i -de t ec to r  array.  
c o n s i s t i n g  of a s i n g l e  o f f - a x i s  s p h e r i c a l  mirror .  The combination of 
t i l t e d  s l i t s  and t h e  o f f - ax i s  te lescope  mi r ro r  creates d i f f i c u l t  o p t i c a l  
coupl ing problems, and coupl ing problems as s e r i o u s  as t h i s  may be a n t i c i -  
pated f o r  t he  c a l i b r a t i o n  monochromator. The c a l i b r a t i o n  monochromator 
design which has been developed i n  t h i s  s tudy  w i l l  provide h igh  q u a l i t y  
measurements of the performance of t h i s  mul t i -de tec tor  monochromator and 
i t s  i n t e g r a l  en t r ance  te lescope,  and w i l l  be r e a d i l y  adaptab le  f o r  use 
wi th  o t h e r  systems as w e l l .  
This  monochromator a l s o  uses  an  en t rance  t e l e scope  
I n  the  t e c h n i c a l  d i scuss ion  t o  follow, the  des ign  of t he  c a l i b r a t i o n  mono- 
chromator i s  presented, and methods of o p t i c a l l y  coupl ing t h e  c a l i b r a t i o n  
monochromator t o  t h e  mul t i -de t ec to r  monochromator, and i t s  en t rance  o p t i c s  
prev ious ly  mentioned, are discussed. The techniques f o r  designing coupl ing 
o p t i c s  as developed he re  w i l l  be d i r e c t l y  app l i cab le  t o  monochromators of 
o t h e r  o p t i c a l  conf igura t ions .  
- 2- 
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2.0 TECHNICAL DISCUSSION 
I n  o rde r  t o  uniformly f i l l  w i t h  i l l umina t ion  t h e  en t r ance  s l i t  and d i s p e r s i v e  
element o r  elements of t he  monochromator under test, a c a l i b r a t i o n  monochroma- 
t o r  must possess  both g r e a t e r  s l i t  height  and s l i t  wid th  and g r e a t e r  numerical  
a p e r t u r e  than  t h e  test monochromator. The l a r g e r  s l i t  width requirements f o r  
t he  c a l i b r a t i o n  monochromator means t h a t  t h i s  monochromator must ga in  add i -  
t i o n a l  d i spe r s ion  by inc rease  i n  f o c a l  length  o r  by being a double monochroma- 
t o r ,  
2.1 The C a l i b r a t i o n  Monochromator 
The c a l i b r a t i o n  monochromator design developed as a r e s u l t  of t h i s  s tudy  has 
an 8 inch  square d i s p e r s i v e  aper ture ,  and a square a p e r t u r e  f/number of f/2.5 
( t h e  r a t i o  of the  monochromator f o c a l  length  t o  t h e  average of t h e  he igh t  and 
wid th  of  the-aperture) .  This  i s  equivalent ,  i n  o p t i c a l  e f f i c i ency ,  t o  f /2 .1  
f o r  a c i r c u l a r  aper ture .  
d i s p e r s i v e  element and has a 20 inch  (500 mm) f o c a l  length.  
l ayou t  of  t he  c a l i b r a t i o n  monochromator presented i n  Figure 
f i n e s  t h e  monochromator. 
This  monochromator uses  a s i n g l e  g r a t i n g  as t h e  
The geometr ical  
1 completely de-  
2.1.1 Reasons f o r  Choice of Monochromator Optics  
F igure  1 shows t h a t  t h e  monochromator o p t i c s  which have been chosenmake 
use  of a s i n g l e  paraboloid co l l imat ing  mi r ro r  w i th  t h e  en t r ance  and ex i t  s l i t s  
i n  a comon  plane, and each s l i t  i s  mounted as near  t h e  f o c a l  po in t  of the  
- 3- 
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paraboloid as is  poss ib le ,  It is  w e l l  known t h a t  a paraboloid i s  t h e  i d e a l  
r e f l e c t i v e  s u r f a c e  t o  form a p e r f e c t  image from a co l l imated  beam which is 
paral le l  t o  t h e  axis of t he  paraboloid.  This image q u a l i t y ,  however, de- 
genera tes  whenever the  co l l imated  beam has an angular  d e v i a t i o n  from the  
paraboloid axis. The b a s i c  ques t ion  t o  a s k  of t h i s  o p t i c a l  system then  is 
how f a r  can  the  s l i t s  be separa ted  and how high  can t h e  s l i t s  be made and 
s t i l l  o b t a i n  a usable  ex i t  s l i t  image. The r equ i r ed  nearness  of  en t rance  
and ex i t  s l i t s  m a k e  t he  Li t t row-type monochromator necessary.  
There i s  no good s i m p l e  o p t i c a l  des ign  f o r  a monochromator w i t h  an  e f f e c t i v e  
c i r c u l a r  a p e r t u r e  of f /2 .1  and which r equ i r e s  a f i n e  image q u a l i t y  o t h e r  than  
the  s i n g l e  paraboloid co l l ima t ing  m i r r o r .  There are s e v e r a l  h igh  numerical  
a p e r t u r e  and h igh  q u a l i t y  combination mirror- lens  systems t h a t  have been de-  
veloped which do have wide angular  f i e l d s  of use. 
mi r ro r - l ens  system, the  Makautov mirror- lens  system, and s e v e r a l  o t h e r  v a r i -  
a t i o n s  of  these.  
p r i a t e  f o r  t h e  broad i n f r a r e d  wave1ength:ranges r equ i r ed  of t he  c a l i b r a t i o n  
monochromator. 
These are the Schmit 
However, these  systems r e q u i r e  l enses  which are n o t  appro- 
2.1.2 D e f i n i t i o n  of Axis Systems 
Because of  r ay  trace demands and f o r  ease of  desc r ip t ion ,  a l l  o p t i c a l  con- 
f i g u r a t i o n s  have been expressed i n  terms of a number of t h r e e  dimensional 
axes systems. Each o p t i c a l  s u r f a c e  has i t s  own t h r e e  dimensional axes system. 
These i n d i v i d u a l  axes systems and t h e i r  r e l a t i v e  pos i t i ons  are def ined  as 
fo l lows  : 
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1. A l l  three-dimensional  axes systems are r i g h t  handed as shown a t  r i g h t  
Z FX 
2 .  For ray t r a c i n g  t h e  rays commence i n  t h e  (XO, YO,  ZO) axes system. 
The f i r s t  su r f ace  encountered by t h e  r ays  i s  i n  t h e  (Xl, Y 1 ,  Z l )  
axes system; t h e  second sur face  encountered by the  r ays  i s  i n  the  
(X2, Y2, 22) axes system; e t c .  
3 .  The l o c a t i o n  of t he  o r i g i n  of t he  (Xl, Y 1 ,  Z l )  axes system i s  def ined  
by i t s  coord ina te  p o s i t i o n  i n  t h e  (XO, YO,  ZO) axes system, and i t  
has  t h e  coord ina te  va lues  (Al, B 1 ,  C l ) .  The angular  o r i e n t a t i o n  of  
t h e  (Xl, Y 1 ,  Z l )  axes system is r e l a t e d  t o  t h e  (XO, Y O ,  ZO) axes 
system by t h r e e  angles  which must  be measured i n  t h e  fol lowing o rde r :  
d l  = 
p l  = 
X l =  
t h e  r o t a t i o n  of t h e  X 1 - Z 1  p lane  about t he  Y 1  a x i s  which i s  
he ld  p a r a l l e l  t o  t he  YO a x i s .  This  angle  i s  p o s i t i v e  only 
when t h e  p o s i t i v e  X 1  a x i s  r o t a t e s  toward the  p o s i t i v e  Z 1  
a x i s .  
t h e  r o t a t i o n  of t h e  X 1 - Y 1  p lane  about t h e  Z 1  a x i s  a f t e r  
t h e  d 1 r o t a t i o n  i s  complete. 
when the  p o s i t i v e  X1 a x i s  r o t a t e s  toward t h e  p o s i t i v e  Y 1  
a x i s .  
t h e  r o t a t i o n  of t h e  Y 1 - Z 1  p lane  about t he  X 1  axis a f t e r  bo th  
t h e  o( 1 and p 1  r o t a t i o n s  are complete. This  angle  i s  posi-  
t i v e  only when t h e  p o s i t i v e  21 a x i s  r o t a t e s  toward the  
p o s i t i v e  Y 1  a x i s ,  
This  angle  i s  p o s i t i v e  only 
Of cour se ,  A2,  B2, C2,0(2,  p 2 ,  and 8 2 d e f i n e  t h e  (X2, Y 2 ,  22) axes  system i n  
r e l a t i o n  t o  t h e  (Xl, Y 1 ,  Zl)  axes system, e t c ,  
- 6 -  
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2.1.3 The C a l i b r a t i o n  Monochromator Axes Systems 
Refe r r ing  t o  Figure 1 t h e  en t r ance  s l i t  is i n  the  YO-ZO plane of the  (XO, 
YO, 20) axes system. The en t r ance  s l i t  w i l l  be considered t o  have p a r a l l e l  
jaws which are i n  t u r n  parallel t o  the  YO axis. The en t r ance  s l i t  w i l l  be 
placed on t h e  p o s i t i v e  ZO s i d e  of the or ig in .  
The co l l ima t ing  mi r ro r  is a paraboloid wi th  i t s  apex a t  the  o r i g i n  of the  
(XI,  Y1, 21) axes system, and t h i s  o r i g i n  i s  on the  XO axis a t  XO = 20.0 inches.  
Further ,  XOII X1, YOII  Y1, and ZOII Z1. The ( X l ,  Y1, Z 1 )  axes system can a l s o  
be loca ted  very  simply by the  use of the s i x  axes t ransformat ion  c o e f f i c i e n t s :  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
A 1  = 20.0 a1 = 0 
B 1  = 0 p 1  = 0 
c1 = 0 31 = 0 
The focus of t he  paraboloid i s  a t  X 1  = -20.0 inches.  
The g r a t i n g  su r face  i s  t h e  Y2-22 plane of the  (X2, Y2, 22) axes  system; and 
may assume one of s ix  d i f f e r e n t  g ra t ing  inc iden t  ang le s :  
A2 = 20.0 d2 3 4 O ,  loo,  20°, 30°, 40°,  and 50° 
B2 = 4.5 82 = 0 
c2 = 0 82 = 0 
The o r i g i n  of  t h e  (X2, Y2, 22) axes system is the  c e n t r o i d  of the  g r a t i n g  s u r -  
face.  The l i n e s  of t he  g r a t i n g  are p a r a l l e l  t o  the Y2 a x i s  and the  g r a t i n g  
r o t a t e s  about  the Y2 axis which remains f i x e d  a t  a l l  t i m e s .  
The second co l l ima t ing  mi r ro r  i s  t h e  same mi r ro r  as t h e  f i r s t  co l l ima t ing  mirror.  
I t s  apex i s  a t  t h e  o r i g i n  of  t h e  (X3, Y3, 23) axes system which is i d e n t i c a l  
t o  t h e  ( X l ,  Y1, Z1)  axes system. Since t h e  same axes system i s  used as both 
the f i r s t  and t h i r d  axes systems, i t  is given h e r e a f t e r  t h e  nomenclature 
(X13, Y13, 213). 
- 7- 
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The e x i t  s l i t  is i n  the (X4, Y4, 24) axes system which i s  the  same as  the 
(XO, YO, 20)  axes system and hence shown i n  Figure 1 as the  (X04, Y04, 
204) axes system. The e x i t  s l i t  i s  p a r a l l e l  t o  the en t rance  s l i t  bu t  has 
a p o s i t i o n  on the  nega t ive  s i d e  of the YO4 axis .  
The n e u t r a l  axes of t he  en t rance  and e x i t  s l i t s  have the  r e spec t ive  l i n e  
equat ions  : 
Entrance S l i t :  X04 = 0, 204 = .28 ( inches)  
E x i t  S l i t :  X04 = 0, 204 = -.28 ( inches)  
This  r e p r e s e n t s  a s l i t  n e u t r a l  axes spacing of 2 x .28 = .56 inches. 
2.1.4 The Gra t ing  Rota t ion  and Its Aperture 
The proposed monochromator i s  a Littrow-type because t h e  en t rance  s l i t  n e u t r a l  
a x i s  i s  r e l a t i v e l y  near  (.56 inches for  a 20 inch f o c a l  length)  the  n e u t r a l  
a x i s  of the  e x i t  s l i t ,  2nd be th  slit n e u t r a l  axes a r e  f ixed  i n  space. To 
change t h e  wavelength of l i g h t  passing through the  e x i t  s l i t ,  the  g r a t i n g  
must be r o t a t e d  about the  Y2 axis. During the  r o t a t i o n  both  the  inc iden t  
and d i f f r a c t i o n  angles  f o r  t he  l i g h t  a t  t he  g r a t i n g  s u r f a c e  maintain nea r ly  
equal  values .  
The gene ra l  g r a t i n g  equat ion  is: 
- * = s i n  i + s i n e  a 
where : 
N = g r a t i n g  order  
h = wavelength of l i g h t  i n  p 
- 8- 
i 
a = g r a t i n g  l i n e  spac ing  i n  p 
i = i n c i d e n t  angle  of l i g h t  f a l l i n g  on g r a t i n g  su r face  
e=  d i f f r a c t e d  ang le  of  l i g h t  from g r a t i n g  su r face  
To o b t a i n  approximate va lues  f o r  t he  r o t a t i o n a l  requirements of t h e  g r a t i n g  
w e  can l e t  
i =e 
t hen  s u b s t i t u t i n g  i n  (1) 
- =  Nh 2 s i n  i 
a 
Note: This approximation cannot be used f o r  t he  des ign  of t he  wavelength 
d r i v i n g  c a m  of t h e  c a l i b r a t i o n  monochromator t o  be d iscussed  later.  
In  making t h e  cam c a l c u l a t i o n s  it is necessary  t o  u s e  the  real  va lues  
of angles  i and 8 . 
The g r a t i n g  l i n e  spac ing  can now be s t a t e d  i n  terms of t he  number of l i n e s  
p e r  nun on the s u r f a c e  of t h e  gra t ing .  
where : 
k = l i n e s / m  on the  g ra t ing  s u r f a c e  
then  s u b s t i t u t i n g  i n  (2) 
A = -  2ooo s i n  i 
Nk 
and equat ion  (3) can  be w r i t t e n  
X = K s i n  i 
where : 
(3) 
( 4 )  
K =  - 2000 (a cons tan t )  Nk 
- 9- 
It is  seen then t h a t  any g r a t i n g  r o t a t i o n  system is genera l  f o r  a l l  g ra t ings ,  
and any g r a t i n g  d r ive  system which l i n e a r i z e s  h as a func t ion  of s i n  i l i n e a r -  
i z e s  h f o r  any g r a t i n g  K value.  Figure 2 is  a g raph ica l  p re sen ta t ion  of h 
ver sus  the  inc iden t  angle  i f o r  a number of Nk values  f o r  the  case  where 
8 -  i. This  graph uses  logar i thmic  p re sen ta t ion  f o r  t he  o r d i n a t e  and absc i s sa  
which g ives  a l l  Nk value  curves the  same shape. This graph shows the  wave- 
l eng th  range that w i l l  be obtained f o r  any g r a t i n g  Nk value  once the  range of 
i values  have been determined f o r  t he  g r a t i n g  r o t a t i o n  mechanism. 
From experience wi th  production spectrophotometers a t  Beckman, the p r a c t i c a l  
range of i values  is gene ra l ly  from about 4" t o  50". For i values  g r e a t e r  
than 50°, the  g r a t i n g  width becomes exceedingly l a r g e  f o r  r e t a i n i n g  the  same 
e f f e c t i v e  aperture .  
2.1.5 Ray Trace Procedure 
The purpose of t h e  r a y  t r a c e  of t he  c a l i b r a t i o n  monochromator is t o  determine 
the  c h a r a c t e r i s t i c s  of t he  image of the en t rance  s l i t  as formed a t  the  e x i t  
s l i t  and t o  determine the  exac t  zones of use f o r  a l l  o p t i c a l  sur face .  Rather 
than  s t a r t i n g  rays from a predetermined en t rance  s l i t ,  rays  have been s t a r t e d  
from r e p r e s e n t a t i v e  poin ts  on the  sl i t  plane which is  the  Y04-204 plane. 
Figure 3 shows the  YO4404 plane and the  s t a r t i n g  poin ts  f o r  the  rays used 
i n  the  r ay  t race .  
inches i n  the  (X04, Y04, 204) axes sys t em and are : 
The coord ina tes  of t hese  s t a r t i n g  poin ts  a r e  measured i n  
- 10- 
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These 15 s t a r t i n g  poin ts  d e f i n e  an a r e a  .8 inches (20 mm) high and .4 inches 
(10 mm) wide on the  p o s i t i v e  204 s i d e  of t h e  s l i t  plane. The images of t hese  
s t a r t i n g  po in t s  produced by the  monochromator on the  Y04-Z04 plane should have 
p r e c i s e l y  the  same va lues  as t h e i r  corresponding YO4 and 204 s t a r t i n g  po in t  
va lues  except  f o r  being mul t ip l i ed  by (-1)" 
of these  image va lues  are due t o  o p t i c a l  abe r ra t ions .  The s l i t  a b e r r a t i o n  
func t ion  a t  any image poin t  on the  exi t  s l i t  plane is  def ined  by the  percentage 
of those r ays  s t a r t i n g  from a s i n g l e  point  on t h e  en t rance  s l i t  plane which 
f a l l  w i t h i n  given e r r o r  i n t e r v a l s  as measured from the  t h e o r e t i c a l l y  c o r r e c t  
image poin t .  
which form a uniform f l u x  d e n s i t y  over t he  face  of the  g ra t ing ,  
Any d i f f e r e n c e s  i n  the  magnitude 
The group of rays  s o  used from a s i n g l e  poin t  must r ep resen t  rays  
To accomplish t h e  uniform f l u x  dens i ty  of rays  i n  the  r ay  t r a c e ,  81 rays  have 
been s e l e c t e d  f o r  each of the  15 s t a r t i n g  po in t s  on the  en t rance  s l i t  plane. 
This  g ives  a t o t a l  of 15 x 81 = 1215 rays. Each of t hese  15 sets of 81 rays  
i n t e r s e c t  t he  g r a t i n g  a p e r t u r e  a t  i d e n t i c a l l y  the  same 81 points .  
i s  a diagram of the  81 ray  pos i t ions .  
i nch  square  d i s p e r s i v e  a p e r t u r e  and form equa l ly  spaced columns and rows. 
Figure 4 
These rays  form the  boundary of the  8 
- 13- 
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The numbers shown are the  a c t u a l  ass igned numbers t o  each ray. The d i s p e r s i v e  
a p e r t u r e  has  been s e l e c t e d  t o  be an  8 inch square i n  t h e  Y2-22 plane, and 
cen te red  about t h e  o r i g i n  of t h e  (X2, Y2, 22) axes system, and i t  i s  def ined  
f o r  on ly  the s i n g l e  cond i t ion  where d2 = Oo, t h a t  i s  where t h e  g r a t i n g  has 
an  i n c i d e n t  ang le  i - 0'.
o u t s i d e  t h e  monochromator i n  e i t h e r  t h e  en t rance  o r  e x i t  o p t i c a l  systems s o  
t h a t  t h i s  8 inch square a p e r t u r e  i s  always the  a p e r t u r e  of t h e  c a l i b r a t i o n  
It is  assumed t h a t  an o p t i c a l  s t o p  w i l l  be provided 
monochromator r e g a r d l e s s  of t h e  g r a t i n g  r o t a t i o n .  
I n  s e l e c t i n g  a g r a t i n g  t o  cover t h i s  8 inch square ape r tu re ,  a g r a t i n g  can be 
chosen wi th  a he ight ,  h = 8 inches as measured along t h e  g r a t i n g  l i n e s .  How- 
ever,  the width of the  g r a t i n g  measured ac ross  the  g r a t i n g  l i n e s  must have a 
va lue  equa l  t o  o r  g r e a t e r  than  w = 8/cos i(max) inches, where i(max) is the  
maximum inc iden t  ang le  t h e  g r a t i n g  can have i n  opera t ion .  
The complete 1215 rays r ep resen t ing  81 r ays  from t h e  15 s t a r t i n g  po in t s  were 
a c t u a l l y  repea ted  i n  t h e  r ay  trace f o r  6 d i f f e r e n t  g r a t i n g  i n c i d e n t  angles,  
namely : 
i = 4', lo', 20°, 30°, 40°, and 50' 
The d i f f r a c t i o n  func t ion  used i n  t h e  r ay  t r a c e  program had t o  be changed f o r  
each of the  above g r a t i n g  i n c i d e n t  angles. The d i f f r a c t i o n  func t ion  is 
W - -  m 
a 
But by equat ion  (1) 
Nh 
a 
- = s i n  i + s i n 0  
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(5) 
and f o r  t h e  5 rays comnencing on t h e  YO4 axis, i = @  exac t ly ,  then 
W was computed from equa t ion  (6) f o r  each of the  6 i n c i d e n t  a r g l e s  used i n  
the  r a y  t r ace .  
ing poin ts .  
po in t s  o f f  of t h e  YO4 a x i s  c r e a t e s  only a n e g l i g i b l y  s ~ ~ ~ l l  e r r o r  i n t h e  ray  
t r a c e  a n a l y s i s  . 
These W va lues  were then a c t u a l l y  used f o r  a l l  15  r a y  s t a r t -  
The f a c t  that i and 0 a r e  not  equal  f o r  the  10 r a y  s t a r t i n g  
2.1.6 Resu l t s  of the  Ray Trace of the C a l i b r a t i o n  Monochromator 
2.1.6.1 Aberrat ions a t  t h e  E x i t  S l i t  Image 
For each of the  15 r ay  s t a r t i n g  poin ts  on the  en t r ance  s l i t  plane, t h e  Y04- 
Z04 plane, t h e r e  is an  image po in t  on the exit  s l i t  plane which is t h e  same 
YO4404 plane. The r ay  t r a c e  program p r i n t s  out t h e  X04, PO&, and Z04 
coord ina te s  f o r  a l l  81  r ays  a t  each of t h e  15 image po in t s  on the  YO4-ZO4 
plane. Of course  a l l  XO4 va lues  are equal  t o  zero. 
The r ays  which start  from coord ina te  po in t  (0, 0, 0) w i l l  have a l l  81 rays 
r e t u r n  t o  t h i s  e x a c t  same coord ina te  po in t  s i n c e  t h i s  is t h e  t r u e  f o c a l  po in t  
of the paraboloid mir ror ,  and t h e r e  a r e  no a b e r r a t i o n s  for t h i s  point. 
from a l l  o t h e r  s t a r t i n g  po in t s  w i l l  e x h i b i t  a b e r r a t i o n  spreads  i n  t h e i r  YO4 
and Z04 va lues  about t h e i r  i d e a l  image points.  
d e f i n e s  the a b e r r a t i o n s  measured along t h e  d i r e c t i o n  of the  s l i t  he igh t  which 
is a t  r i g h t  angles  t o  t h e  monochromator d ispers ion .  
v a l u e s  d e f i n e s  the  a b e r r a t i o n s  measured i n  the d i r e c t i o n  of the  s l i t  width 
Rays 
The e r r o r  spread i n  YO4 va lues  
The e r r o r  spread  i n  204 
- 16- 
which i s  t h e  d i r e c t i o n  of g r a t i n g  d ispers ion ,  The 204 a b e r r a t i o n s  reduce the  
r e s o l u t i o n  of t he  monochromator whereas YO4 a b e r r a t i o n s  cause only some l o s s  
of energy. 
There are va r ious  ways of desc r ib ing  t h e  magnitude and the  e f f e c t  of t hese  
a b e r r a t i o n  spreads a t  an image point.  Three such ways are as fo l lows:  
1. The maximum spread i n  both  the YO4 and 204 va lues  f o r  a l l  81 rays  
de f ines  a r ec t angu la r  area i n  which t h e  YO4 and 204 va lues  f o r  a l l  
81 rays  l ie.  
Resolu t ion  i s  measured i n  the  d i r e c t i o n  of d i spe r s ion  and i s  usua l ly  
r e f e r r e d  t o  as h a l f  bandwidth which i s  the  width of t he  s l i t  energy 
output  func t ion  between the  50% energy va lues  each s i d e  of t he  
maximum energy peak. 
veloped from the  81 ray image va lues  f o r  204 by us ing  a pure ly  
s t a t i s t i c a l  procedure as follows, S l i t  a b e r r a t i o n  func t ions  can 
a c t u a l l y  have many shapes, s ince  the  shape func t ion  depends on the  
p a r t i c u l a r  o p t i c a l  system forming the  image. A s i m p l e  geometr ical  
shape w i l l  be s e l e c t e d  he re  to  se rve  as an  approximate s l i t  funct ion.  
It is  the  t r i a n g l e  as shown i n  Figure 5 .  The h a l f  bandwidth of 
t he  t r i a n g l e  i s  the  width of the  t r i a n g l e  a t  t h e  h a l f  he ight ,  o r  
t h e  .5 r e l a t i v e  energy leve l .  It i s  seen t h a t  t he  t r i a n g l e  can then  
be d iv ided  i n t o  8 equal  a r eas  as shown. Two of these  s e c t i o n s  which 
are c ross  hatches l i e  outs ide  of t he  h a l t  bandwidth zone and repre- 
s e n t  1 /4  the  t o t a l  a r e a  of the t r i a n g l e ,  Thus, f o r  t h i s  t r i a n g u l a r  
func t ion  1/4 of i t s  area i s  o u t s i d e  of t he  h a l f  bandwidth. I f  t h i s  
2. 
A s y n t h e t i c  h a l f  bandwidth va lue  can be de- 
- 17- 
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analogue is used f o r  the  81 rays then  25% o r  8114 = 20 rays w i l l  be 
considered t o  l i e  o u t s i d e  of the h a l f  bandwidth zone. 
having t h e  l a r g e s t  e r r o r  va lues  whether p o s i t i v e  o r  nega t ive  should 
then be d e l e t e d  and t h e  61  remaining rays w i l l  form the  1/2 bandwidth 
spread. 
The 20 rays 
I 
3. The t h i r d  method of d e f i n i n g  the a b e r r a t i o n  is t o  p l o t  t h e  real s l i t  
func t ion  and d i r e c t l y  measure the band spread a t  t h e  50% energy leve l .  
This  real s l i t  func t ion  is  a p l o t  of the  number of r ays  which l i e  i n  
small success ive  e r r o r  i n t e r v a l s  ac ross  the  image. 
These t h r e e  methods of image a n a l y s i s  w i l l  be used t o  ana lyze  t h e  r ay  t r a c e  I 
r e s u l t s .  
Table I is a t a b u l a t i o n  of the  image c h a r a c t e r i s t i c s  a t  the  e x i t  s l i t  plane 
and a l s o  a t  ad jacen t  p a r a l l e l  focusing planes. 'Phe image a n a l y s i s  by e l e c -  
t r o n i c  computer grouped r ays  i n t o  e r r o r  increments. The e r r o r  increments used 
f o r  YO4 va lues  were l a r g e  (-005 inches) s i n c e  the image a b e r r a t i o n s  i n  t h i s  
d i r e c t i o n  are no t  as important  as they a r e  f o r  204 e r r o r s .  
ments f o r  Z04 va lues  are .001 inches. 
i ng  "Image Spread i n  Inches" is c a l l e d  A204, and is the  r equ i r ed  spread  i n  
204 t o  inc lude  a l l  81 rays  making up the image. The A Z04 va lues  are i n  .001 
inch  increments so i f  a va lue  o f &  204 = .002, t h i s  means t h a t  t h e  t o t a l  image 
spread  is between .001 inches and .002 inches. By s tudying  t h e  s i z e  v a r i a t i o n  
o f A  Z04 as a func t ion  of t h e  g r a t i n g  i n c i d e n t  angle  i and the  p o s i t i o n  of 
t h e  r a y  s t a r t i n g  po in t  i n  the YO4-ZO4 plane, i t  is seen  that t h e  inc iden t  
ang le  i has a l a r g e  e f f e c t  on the  maximum image spread. 
~ 
I 
I 
I 
I 
I 
I The e r r o r  i n c r e -  
The f i r s t  column under the major head- 
I 
A 204 i s  nea r ly  
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I TABLE I (1) 
CALIBRATION MONOCHROMATOR EXIT SLIT PLANE CHARACTERISTICS 
Ray Starting Image Spread Centroid Location Position of Focus Span of Focus 
Coordinates in Inches in Inches in Inches in Inches 
i YO4 Z 0 4  AZ04AZ104 Z 04 2'04 A4 A M  
.4 
02 
4O 0 
1 . 2  
- 04 
04 
02 
loo  0 
- .2  
- .4 
I 
I .4 
.2 
- 0 2  
- 04 
04 
02 
1 20° 0 
I 300 -02 O 
I 
I 
I 
I 
I 
I 
I 
I 
I 
- .4 
.4 
.2 
-.2 I 400 - 04 O
.4 
02 
50° 0 
-02 
-04 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0002 .001 
.002 -001 
.ooo ,000 
0002 .001 
.002 0001 
,002 .001 
0002 ,001 
,000 ,000 
,002 -001 
0002 ,001 
0002 .001 
0002 0001 
.ooo .ooo 
0002 ,001 
0002 0001 
0002 ,001 
0002 .001 
,000 .ooo 
0002 ,001 
0002 .001 
.003 .002 
.002 0002 
.ooo .ooo 
.002 .001 
,003 .002 
0003 '.002 
0002 0001 
.ooo ,000 
,002 ,002 
,003 ,002 
-.00040 -.00067 
- .00013 - .00050 . 00000 . 00000 
,00015 -.00049 
.00001 -.00051 
- .00079 - -00128 
- . 00004 - ,00054 . 00000 ,00000 . 00055 . 00050 
-.00082 -.00133 
-.00216 -.00266 
-.00023 -.00073 . 00000 . 00000 -. 00088 - .00050 
- -00322 -.00272 
-000383 -.00433 
-.00012 -,00121 
.ooooo .ooooo 
-.00067 -.00116 
- 00380 - ,00430 
-.00519 -.00605 
-.00142 -.00165 . 00000 . 00000 
-.00117 -.00167 
-.00526 -.00609 
- ,00858 - ,00908 
-.00193 -.00243 . 00000 . 00000 
- ,00209 -.00198 
-.00799 -.00879 
- 20- 
-20.005 to -20.010 
- 20 -005 
- 20 . 000 
- 20 . 005 
-20.005 to -20.010 
2 20,0Q5 to - 20 .O 10 - 20 . 005 
- 20.000 
- 20.005 
-20.005 to -20.010 
-20.005 to -20.010 
-20,005 
-20.000 
-20.005 
-20.005 to -20.010 
- 20.010 
- 20 . 005 
-20.000 
- 20 . 005 
-20.010 
-20.005 to -20.010 
- 20.005 
- 20 . 000 
-20.005 
-20.005 to -20.010 
-20.010 
-20.005 
-20.000 
-20.005 
-20,005 to -20,010 
.005 
. 000 
. 005 
, 005 
. 000 
.005 
.005 
. 000 
.005 
- 
- 
- 
- 
- 
- 
- - 
.ooo - 
- 
. 005 
. 000 
. 005 
- 
- 
- 
- . 000 
. 005 - 
TABLE I (2) 
CALIBRATION MONOCHROMATOR EXIT SLIT P L m  CHARACTERISTICS 
Ray Starting Image Spread Centroid Location Position of Focus Span of Focus 
Coordinates in Inches in Inches in Inches in Inches 
i YO4 zo4 A z o 4 A z l o 4  Z04 2 '04  A 4  A& 
*2  
- 02 
- 04 
94 
.2 
100 0 
-02 
- 04 
.4 
02  
200 0 
-.2 
- .4 
.4 
.2 
30' 0 
-.2 
I 
I 
I 
I 
i 
04 
.2 I 40° 0 
-02 
- 04 
04 
02 
0 
-.2 
- 04 
I 500 
I 
I 
i 
02 
.2 
02 
02 
02 
02 
02 
02 
02 
.2  
.2 
.2 
02 
.2  
. 2  
02 
.2 
.2  
.2 
02 
.2 
.2 
.2 
02 
92 
02 
.2 
.2 
.2 
3 
. L  
,001 ,001 
,001 ,001 
0001 ,001 
,001 ,001 
,001 ,001 
,001 ,001 
,001 ,001 
0001 ,001 
,001 ,001 
,002 ,001 
,001 ,001 
,001 ,001 
,001 ,001 
,001 ,001 
,002 ,001 
,002 ,001 
,002 ,001 
,001 ,001 
.no1 .001 
.003 .001 
,003 .OO$ 
,002 .001 
,002 .001 
goo2 .001 
,003 -002 
,003 ,002 
0002 ,001 
,002 ,001 
0002 .001 
,005 ,002 
-.DO78 -.20078 
-.20012 -,20012 
-a 19998 -. 19998 
-830000 -020000 
-420027 -.20027 
- 20161 -, 20161 
- 20068 - , 20068 
-020012 -.20012 
- 20039 -. 20039 
-,20135 -,.20135 
-,20323 --.20323 
-.20120 -020120 - 20076 - .20076 
- 20019 - 20019 
- .20270 - . 20319 
-,20488 -.20538 
-.20166 -,20216 
- , 20 10 9 -'. 2 0 10 9 
- -20191 Y .  20191 
-e20453 -.20533 
- .20749 - . 20799 
- 20268 - . 20218 
-.20169 -.20169 
- 0 20706 - . 20776 -. 20298 - . 20298 
- .21029 - ,21118 
- . 20414 - . 20464 
- -20224 - -20224 
- 20438 - , 20438 
- , 21053 - -21107 
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-20.010 
-20.005 - 20.005 - 20 . 005 
- 20.010 
- 20 , 010 
-20.005 
-20.005 
-20.005 
- 20 -010 
- 20,010 
-20.005 
- 20.005 
-20.005 
-20.005 to -20.010 
- 20,010 
-20.005 
-20.005 
- 20.005 
-20,005 to -20.010 
-20.010 
-20.005 to -20.010 
-20.005 
-20.005 
-20,005 
- 20,015 
-20.005 to -20.010 
-20.005 
- 20 -005 
-20.000 to -20.010 
TABLE I ( 3 )  
CALIBRATION MONOCHROMATOR EXIT SLIT PLANE CHARACTERISTICS 
Ray Starting Image Spread Centroid Location Position of Focus Span of Focus 
Coordinates in Inches in Inches in Inches in Inches 
zo4 A z o 4 A z t o 4  Z O 4  2 '04  4 AA4 
04 
02 
0 
-02 
-04 
04 
.2 
I 40 
I 
1 loo -,; 
I 
I 
I 
I 40' 0 
1 
I 
I 
i 
I 
I 
I 
-.4 
.4 
0 2  
-.2 i 2oo - 04 O
04 
0 2  
30° 0 
-02 - 04 
04 
.2 
-)* 2 - .4 
04 
02 I 50° 0 
- 0 2  
-04 
I 
04 
*4 
04 
04 
04 
04 
04 
04 
.4 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
*4  
04 
04 
04 
04 
04 
*4  
;002 ;om 
,001 ,001 
,001 ,001 
,001 ,001 
0002 ,001 
,001 ,001 
,001 ,001 
,002 .001 
,002 ,001 
,003 -001 
,001 ,001 
,001 .001 
0002 ,001 
,003 -001 
,003 -001 
,002 ,001 
,002 ..001 
,002 ,001 
,003 ,001 
,004 ,002 
,003 ,002 
,002 .001 
,002 0001 
,003 ,001 
,005 ,062 
,004 .002 
,003 ,002 
,003 ,002 
,004 ,002 
,007 ,003 
-040125 -.40130 
-040076 -,40076 
-040074 -.40074 
-,40029 -,40029 
-040023 -.40023 
-040294 -.40294 
-e40157 -,40157 
-040149 -.40144 
-040151 -.40083 
-040173 -.40193 
-040547 -.40547 
- ,40321 -.4QSZl 
m.40279 -,40282 
-e49227 -.40324 
*a40449 m.40544 
-040893 -,40890 
-040539 -.40554 
-040437 -.40433 
-640521 -.40435 
-040777 -.40862 
. ,41268 - ,41290 
-040808 -.40864 
-.40646 -.40639 
-040782 -.40801 
-041162 -,41273 
-041773 -,41859 
-e41123 -,41154 
-040890 -,40911 
-a41039 -,41134 
-041685 -,41819 
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-20,015 - 20.010 
-20,005 to -20.010 
-20.010 
- 20 ,015 
-20.015 
-20,010 
-20.005 to -20.010 
-20.005 to -20,010 
-20,010 to -20.015 
- 20.015 - 20.010 
-20.005 to -20.010 
-20.005 to -20,010 
-20,010 to -20.015 
-20,015 to -20,020 
-20,010 to -20,015 
-20.005 to -20,010 
-20,005 to -20,010 
-20.010 to -20,015 
-20 , 020 - 20 0010 
-20,005 to -20.010 
- 20 005 
-20,005 
- 20 ,025 
-20.010 to -20,015 
-20.005 to -20.010 
- 20,005 
-20.000 to -20,005 
- - . 005 - 
* 
- - 
,005 
,005 
, 005 
- - 
,005 
,005 
-005 
, 005 
,005 
, 005 
,005 
,005 
- - . 005 - 
- 
- 
,005 
,005 
,005 
3 times l a r g e r  a t  i = 50" than a t  i e 4". 
spread encountered is only .007 inches which occurs when i = 50", YO4 = - . 4 ,  
and 204 = . 4 .  
S t i l l  the  l a r g e s t  maximum image 
The column t o  the r i g h t  of A 204 i n  Table I is t i t l e d  A 2'04  and r e f e r s  t o  
a h a l f  bandwidth spread determined by de le t ion  of t he  worst 25% of the rays 
as described earlier. Again va lues  a r e  i n  increments of .001 inches and a 
A 2'04  value  of .002 inches nreans that the  remaining image spread f o r  t he  
b e s t  75% of the  81 rays is g r e a t e r  than .001 inches and less than .002 inches. 
It will be noted i n  Table I that f o r  nearly a l l  cases  A 2 ' 0 4  is  .001 inches. 
Only when i = 50" and Z04 = .4  inches is A 2'04  predominently .002 inches. It 
can then be s a i d  t h a t  t h e  c a l i b r a t i o n  monochromator i s  capable of producing 
images wi th  a nominal h a l f  bandwidth of .001 inches over the complete image 
plane f o r  a l l  i nc iden t  angles up t o  40". A t  i = 50" t he  nominal ha l f  band- 
width is .002 inches. The A 204 values l i s t e d  i n  Table I and s i m i l a r l y  the 
A 2 ' 0 4  values  are i n  each case determined f o r  t he  plane of b e s t  focus. The 
column of Table I headed A4 gives  t h e  pos i t i ons  of t h e  planes of b e s t  focus. 
The rays  which start  from (0, 0, 0) i n  t he  (X04, Y04, 204) axes system r e t u r n  
p r e c i s e l y  t o  t h i s  same pos i t i on  and the  b e s t  focus plane f o r  t h i s  one case 
i s  the  Y04-204 plane which has an A4 value of -20.0 inches &asured along 
t h e  X13 a x i s  i n  the (X13, Y13, Z l 3 )  axes system. 
A l l  r ay  s t a r t i n g  poin ts  o the r  than (0, 0, 0) are by necess i ty  of f  of the 
o p t i c a l  a x i s  s ince  the o p t i c a l  a x i s  passes through (0, 0, 0) i n  the (X04, 
Y04,  204)  axes system. 
pos i t i ons  wi th  A4 values  more negative than -20.00 inches. 
These of f  axis s t a r t i n g  poin ts  w i l l  a l l  have image 
The more off 
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t he  o p t i c a l  a x i s  t he  r ay  s t a r t i n g  points ,  t h e  more nega t ive  w i l l  be the  A4 
values .  This  means t h a t  t h e  b e s t  image plane is  a c t u a l l y  a sphere touching 
t h e  YO4-204 plane a t  (0,  0, 0) and concave about  t he  nega t ive  X04 ax i s .  
I 
I 
I n  the  A4 column of Table I i t  w i l l  be noted t h a t  i n  some cases  t h e r e  are 
two A4 values .  These two va lues  show the span i n  A4 d i s t a n c e s  having the  
same minimum A 204 value.  This span is given i n  t h e  next  column as A A4. 
Computer image a n a l y s i s  was performed only a t  A4 increments of .005 inches.  
Thus, A4 and A A4 values  are i n  increments of .005 inches. 
I 
I 
I 
t 
I 
I 
I The en t r ance  s l i t  is t o  have i t s  n e u t r a l  axis a t  204 = .28 inches which i s  
p a r t  way between the  r ay  s t a r t i n g  points  a t  204 = .2 and 204 = . 4 .  From a 
c a r e f u l  a n a l y s i s  of a l l  204 = .2 and 204 = . 4  va lues  i t  can be i n f e r r e d  t h a t  
t h e  b e s t  p o s i t i o n  f o r  t h e  e x i t  s l i t  plane should have A4 = 20.007 inches. An 
a l t e r n a t e  and more pract ical  plan i s  to  keep the  rea l  en t r ance  and e x i t  s l i t s  
i n  a common plane but  moved a negat ive  X04 d i r e c t i o n  from the  YO4-204 plane 
-.0035 inches while  r e t a i n i n g  parallelism wi th  the  Y04-204 plane. 
I 
The A YO4 spread was p r in t ed  ou t  i n  ,005 inch e r r o r  increments, and f o r  
n e a r l y  every r ay  s t a r t i n g  cond i t ion  and every inc iden t  ang le  a l l  81 rays  I 
f e l l  w i t h i n  the .005 inches.  YO4 w a s  s l i g h t l y  g r e a t e r  than  .005 inches only 
f o r  YO4 = k .4  and 204 = .4 when i = 30°,  40° ,  and 50°. 
I 
Actual  ex i t  s l i t  e r r o r  func t ions  have been p l o t t e d  f o r  s ix  r ay  s t a r t i n g  
po in t s  on the  Y04-204 plane, and f o r  i n c i d e n t  angle  i = 4O, 20° ,  and 50°. 
These 18  curves are shown i n  Figure 6 .  The shape of t hese  curves wi th in  
any .001 inch  i n t e r v a l  i s  only extimated s i n c e  the  computer r ay  t r a c e  d a t a  
I 
I 
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I 
I 
I 
i 
w a s  no t  analyzed i n  smaller increments than .001 inch. 
a n a l y s i s  i s  no t  needed f o r  the  s u b j e c t  c a l i b r a t i o n  monochromator. 
It is  f e l t  t h a t  f i n e r  
The i n t e r e s t i n g  th ing  t o  observe i n  looking a t  these  s l i t  func t ions  i s  t h a t  
t h e i r  shapes can vary  s u b s t a n t i a l l y  f o r  d i f f e r e n t  s l i t  s t a r t i n g  points .  How- 
ever,  i n  a l l  cases  these  p a t t e r n s  a r e  narrow r e l a t i v e  t o  t h e  ,012 inch  ( . 3  mm) 
s l i t  width a t  which r e s o l u t i o n  performance has been s p e c i t i e d  i n  the  r eques t  
f o r  proposal.  
2.1.6.2 S l i t  Curvature 
Two columns shown i n  Table I r e f e r  t o  the image cen t ro id  loca t ion .  These are 
es t imated  cen t ro ids  f o r  the images, bu t  are es t imated  from an  a n a l y s i s  of the  
computer p r i n t  ou t  of t he  rays  i n  each e r r o r  i n t e r v a l .  
t he  es t imated  pos i t i ons  of the  cen t ro ids  f o r  images c o n s i s t i n g  of a l l  81 rays.  
The 2'04 va lues  are the  es t imated  cent ro ids  f o r  the  b e s t  75% of the  r ays  making 
up the  image. 
c e n t r o i d  values .  L e t  us  now observe the d i f f e r e n c e s  i n  magnitude between t h e  
2'04 va lues  i n  Table I and t h e i r  r e spec t ive  204 s t a r t i n g  po in t s  a t  the  en t rance  
s l i t  plane. These d i f f e rences  de f ine  the so -ca l l ed  s l i t  curvature .  
The 204 va lues  are 
The 2 '04  values  have a more concent ra ted  core  and g ive  b e t t e r  
To determine the  na tu re  and magnitude of t h i s  s l i t  curvature ,  f i r s t ,  cons ider  
t h e  cases  when 204 = 0 f o r  a l l  ray  s t a r t i n g  poin ts  then  w e  f i n d  t h a t  t h e  
c e n t r o i d  p o s i t i o n  2 '04  i s  the  same f o r  bo th  i = 4' and i = 50 
t h e  r a y  s t a r t i n g  poin ts  have YO4 = k . 2  then  2'04 = -.0005 a t  i = 4 O ,  b u t  a t  
i = 50° 2'04 = -.OU24 when yu4 = .2 and 2'04 = -.002U when YU! = -.2. When 
t h e  r a y  s t a r t i n g  po in t s  have YO4 = k.4 then  2 '04  = -.0007 when YO4 = .4 and 
0 
a t  YO4 = 0. When 
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2'04  = .0005 when YO4 = - . 4  a t  i = 4', but f o r  i = 50' 2'04  = -.0091 when 
YO4 = .4  and 2'04 = -.0088 when YO4 = -.4. These s l i t  image displacements  
are shown i n  Table I1 f o r  t h e  d i f f e r e n c e s  i n  2'04  between i = 4" and L = 50". 
S imi l a r  p r e s e n t a t i o n  is shown i n  Table I11 which is f o r  d i f f e r e n c e s  between 
i = 4" and i = 20". 
Next cons ider  the cases  when 204 = .2 for  a l l  r a y  s t a r t i n g  points .  We f i n d  
t h a t  f o r  YO4 - 0, 2'04  - -.2000 when i = 4" and 2'04 = -.2022 when i = 50". 
This  image displacement of -.0022 inches between i = 4" and i = 50" is due 
t o  t h e  f a c t  t h a t  t h e  i n c i d e n t  angle  f. and t h e  d i f f r a c t e d  angle  8 were taken 
t o  be equa l  for the  ray  t r a c e  whereas they are a c t u a l l y  not  w i th  t h e  excep- 
t i o n  of r a y  s t a r t i n g  po in t s  w i th  204 = 0. 
no t  a f f e c t  e i t h e r  t h e  image a b e r r a t i o n  a n a l y s i s  o r  the  s l i t  cu rva tu re  a n a l y s i s  
i f  it is handled properly. 
This  image displacement  e r r o r  does 
For r a y  s t a r t i n g  po in t s  a t  YO4 = i . 2  the change i n  2'04  = -.0001 from YO4 = 0 
t o  YO4 = . 2  and the  change in 2'04 = .OOOO from YO4 = 0 to YO = -.2 f o r  i = 4', 
b u t  f o r  F = 50" the change i n  2'04  = -.0024 from YO4 = 0 t o  YO4 = . 2  and the  
change i n  2'04 = -.0022 fromY04 = 0 t o  YO4 = -.2. 
YO4 = f.4 t h e  change i n  2'04 = -.0008 fromYU4 = 0 t o  YO4 = .4  and t h e  change 
i n  2'04  = -.0003 from YO4 - 0 t o  YO4 = - .4 a t  i = 4 " ;  b u t  a t  i = 50° t he  change 
i n  2'04 = -.0089 from YO4 = 0 t o  YO4 = .4 and the change i n  2'04  = -.0088 from 
For r ay  s t a r t i n g  po in t s  a t  
YO4 0 t o  YO4 = - . 4 .  These s l i t  image displacements  a r e  a l s o  shown i n  Table 11 
as t h e  204 d i f f e r e n c e s  between i = 4" and i = 50'. 
F ina l ly ,  cons ider  the  cases  where 204 = . 4  f o r  the r ay  s t a r t i n g  points.  Then 
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TABLE I]: 
4 
.2 
A 
-.0084 u.008 1 -.0089 
-.0019 -.0023 ,0024 
-.0022 -.0026 
0.0083 - 0085 -.0096 
SLIT CURVATURE. DISPLACEMENT IN 04 VALUES 
BETWEEN i= 4"a i-SO" 
-28- 
I .  
I -204, I 
SLIT CURVATURE. DISPLACEMENT IN 204 VALUES 
0 
BETWEEN i = 4"a i=20 
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a t  r ay  s t a r t i n g  po in t  YO4 = 0, 2'04 =-.4007 a t  i = 4" and Z ' 0 4  = -.4091 a t  
i = 50°. Thus the  e r r o r  due t o  using i = e i n  t he  r a y  t r a c e  has grown t o  
the d i f f e r e n c e  between the  two 2'04 values above o r  -.0084 inches.  The re-  
mainder of the a n a l y s i s  f o r  s l i t  curvature  a t  r ay  s t a r t i n g  poin t  Z04 = 
i d e n t i c a l  to that used f o r  Z04 = .2, and t h e  r e s u l t s  are shown i n  Table 11. 
.4 i s  
A similar a n a l y s i s  was performed f o r  i = 4" and i = 20". 
va lues  are shown i n  Table 111. 
2.1.6.3 D i f f r a c t i o n  S l i t  Function 
The v a r i a t i o n  i n  i n t e n s i t y  of i l lumina t ion  due t o  d i f f r a c t i o n  and measured 
ac ross  t h e  e x i t  s l i t  wid th  of a monochromator, the  d i r e c t i o n  of d i spers ion ,  i s  
a func t ion  of the  f o c a l  l eng th  of  the monochromator and the  e f f e c t i v e  width 
of the  d i s p e r s i v e  element. This  d i f f r a c t i o n  func t ion  may be expressed by the  
fol lowing equation(') : 
These curva ture  
and 
(8) nw s i n 6  h B =  
where : 
I, = i n t e n s i t y  of i l lumina t ion  of a g iven  wavelength, A, f a l l i n g  
on the  d i spe r s ive  element. 
w = e f f e c t i v e  width of g r a t i n g  i n r .  (measured normal t o  i n c i d e n t  
i l l umina t ion )  
A = wavelength i n / # .  
$ =  an  angle  measured a t  t h e  d i s p e r s i v e  element between the  
d i f f r a c t e d  wave f r o n t  and t h e  o p t i c a l  ax i s .  
(1) See Fundamentals of Physical  O p t i c s ,  Jenkins  and White, Chapter 5. 
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This equa t ion  desc r ibes  the  well-known Fraunhofer d i f f r a c t i o n  f o r  a s i n g l e  
s l i t ,  the  s l i t  here  being t h e  e f f e c t i v e  width of t he  d i s p e r s i v e  element. 
This func t ion  has a maximum value  a t  $ = 0 and it has zero  va lues  a t  
p = + n ,  f ZqT, k 3n . . . 
The major po r t ion  of energy is i n  t h e  p r i n c i p l e  maximum which is pos i t ioned  
between p =f l  and p = - I T  . 
This  d i f f r a c t i o n  i n t e n s i t y  func t ion  can be i n t e g r a t e d  over  the  s l i t  abe r ra -  
t i o n  f u n c t i o n  as obtained from r a y  t r a c i n g  i n  o rde r  t o  o b t a i n  a precise 
combined image e r r o r  func t ion  a t  the  e x i t  s l i t .  
s tandpoin t ,  a s i n g l e  number is  genera l ly  used t o  desc r ibe  the d i f f r a c t i o n  
funct ion.  This  is t he  d i f f r a c t i o n  l i m i t  o r  Rayleigh c r i t e r i o n  f o r  the  
d i f f r a c t i o n  image. 
However, from a p r a c t i c a l  
This  c r i t e r i o n  observes t h a t  t h e  d i f f r a c t e d  images f o r  two d i f f e r e n t  wave- 
l eng ths  are j u s t  d i s t i n g u i s h a b l e  when the maximum of one d i f f r a c t t o n  func t ion  
i s  over t h e  f i r s t  minimum of the  other ,  which means t h e  two wavelengths have 
a d i f f r a c t i o n  func t ion  s e p a r a t i o n  of p =fl . S u b s t i t u t i n g  t h i s  las t  r e l a t i o n  
i n t o  equat ion  (8) and c a l l i n g  Q ,e when $ =e . 
and 
h s i n  6 = - 
W 
and for most monochromators and t h i s  c a l i b r a t i o n  monochromator i n  p a r t i c u l a r  
$, is a very  small angle  and very  near ly  equal  t o  s i n  6 , so  f i n a l l y ,  
(9) 
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This  says  t h a t  the minimum angular  s p r e a d  between two d i f f r a c t e d  wavelengths 
from the  d i s p e r s i v e  element which a r e  j u s t  r e so lvab le  i s  h/w. 
The crossover  po in t  of the two d i f f r a c t i o n  func t ions  w i t h  t h e  p = ~ n  spread 
is  a t  p = q7/2 and s u b s t i t u t i n g  t h i s  l a t t e r  va lue  i n  equat ion  (7)  
4 =7 Io 
= .41 Io 
Thus the Rayl iegh c r i t e r i o n  band spread is  measured a t  t h e  41% l e v e l  and t h i s  
is a s l i g h t l y  wider va lue  than  t h e  h a l f  energy r e s o l u t i o n  va lue  which i s  o f t e n  
used t o  d e f i n e  the  r e s o l u t i o n  performance of a monochromator, and which w a s  
used t o  de f ine  the  A 2'04 va lues  used e a r l i e r  i n  t h i s  r epor t .  
L e t  t h e  l i n e a r  spread of the  d i f f r a c t i o n  l i m i t  a t  t h e  e x i t  s l i t  be SR, then 
sR = F*t 
where : 
SR = l i n e a r  spread of the d i f f r a c t i o n  func t ion  i n  inches,  as 
measured i n  the  d i r e c t i o n  of  t he  s l i t  width f o r  t he  case  
where +=&. 
F = f o c a l  l eng th  of monochromator i n  inches.  
S u b s t i t u t i n g  t h i s  las t  equat ion  i n t o  equat ion (9) w e  have f i n a l l y  
Fh SR = - 
W 
- 32- 
The fol lowing t a b l e  g ives  t h e  r e s u l t s  of equat ion  (11) f o r  va r ious  va lues  of A 
where F = 20.0 inches,  and w = 8.0 inches. SR is  given bo th  i n  inches and am. 
A 
1 
5 
10 
15 
SR ( inches)  SR (m) 
0001 .0025 
.0005 .0125 
0010 .0250 
.0015 .0375 
These are very  small d i f f r a c t i o n  va lues  f o r  an  i n f r a r e d  spectrophotometer.  
This  is because of t he  l a r g e  numerical  ape r tu re  of t h e  op t i c s .  
noted t h a t  i n  equat ion  (ll), F/w is equal  t o  f/number when F and w are i n  
the same un i t s .  
It should be 
Thus SR i s  d i r e c t l y  propor t iona l  t o  f/number. 
It is  seen  f r m  t h e  t a b l e  t h a t  t h e  maximum d i f f r a c t i o n  image spread which 
occurs  a t  15p is  only .0015 inches,  and t h i s  va lue  i s  ve ry  c l o s e  t o  the  ave r -  
age image abbe ra t ion  spread a t  t h e  exit  s l i t .  Thus, t h i s  monochromator has 
an  e x c e l l e n t  match between a b e r r a t i o n s  and d i f f r a c t i o n  and a t  no wavelength 
is  t h e  monochromator d i f f r a c t i o n  l imited.  Most commercial i n f r a r e d  mono- 
chromators are d i f f r a c t i o n  l i m i t e d  f o r  wavelengths g r e a t e r  than 5p. 
2.1.6.4 Resolving Power, Resolut ion,  and Linear  Dispersion 
Resolving power, r e so lu t ion ,  and l i n e a r  d i spe r s ion  of a g r a t i n g  monochromator 
such as the  c a l i b r a t i o n  monochromator under s tudy  can be der ived  from the 
gene ra l  g r a t i n g  equat ion  (1). 
a t i o n  of t h e  rate change i n  the  wavelength va lue  as a func t ion  of i t s  image 
Each of t hese  th ree  terms r e q u i r e s  a determin- 
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p o s i t i o n  measured ac ross  the  e x i t  s l i t  width. 
For any g iven  wavelength imaged a t  the cen te r  of the e x i t  s l i t ,  t h e r e  i s  a 
given i n c i d e n t  angle  I. 
t h i s  wavelength va lue  about  t h i s  ang le  i. 
i n  ang le  8 while  holding angle  i constant .  
respect t o  h and 8 w e  have 
We are i n t e r e s t e d  i n  determining the  ra te  change of 
This  change is descr ibed  by changes 
D i f r e r e n t i a t i n g  equat ion  (1) w i t h  
- dh = cos 0 d e  a 
and 
Now i f  a n  incremental  d i s t a n c e  ac ross  the  ex i t  s l i t  width measured i n  inches 
is  ds, then  
ds  
F 
d e  = -  
where : 
F = f o c a l  l eng th  of monochromator i n  inches.  
and 
a c o s 0  ds dFc = NF 
The d e f i n i t i o n  of r e so lv ing  power i s  
R = -  h 
dh 
so 
a 
R -  N ( s i n  i + s i n 0  ) - 
a 
NF cos 8 ds 
- 
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F(s in  i + s i n  8 ) R =  cos 8 ds  
For t h e  L i t t row monochromator wherein angles  i a n d 8  are n e a r l y  equal,  such 
as i s  the case  wi th  the  c a l i b r a t i o n  monochromator, w e  can write 
i =e 
and then  
2F s i n  i 
c o s i  ds  
RL 
and f i n a l l y  
2F t a n  i 
RL = ds 
where RL i s  the  r e so lv ing  power of a Li t t row monochromator. Equation (16) is 
gene ra l  and shows t h a t  r e so lv ing  power i s  a func t ion  only of t h e  f o c a l  l eng th  
of the monochromator, t h e  i n c i d e n t  angle of t he  g ra t ing ,  and t h e  s l i t  width ds. 
F igure  7 shows the  RL va lues  versus  inc iden t  ang le  i f o r  t he  c a l i b r a t i o n  mono- 
chromator wi th  a focal l eng th  ~f 20 inches and f o r  va r ious  ds  values .  I n  
Figure 2, along the r i g h t  hand ord ina te ,  have been l i s t e d  the  RL va lues  which 
correspond t o  the  i n c i d e n t  angle  i f o r  the case  when F = 20 inches and 
ds  = .012 inches ( . 3  mm). The d s  value or  .005 inches which is  a l s o  shown i n  
F igure  7 is  a good estimate of a r e l i a b l e  and r epea tab le  minimum image h a l f  
bandwidth. Thus t h e s e  r e s o l v i n g  power va lues  show the  c a p a b i l i t i e s  of t h i s  
monochromator a t  small s l i t  widths. 
By r e s o l u t i o n  of t he  monochromator i s  meant i ts  a b i l i t y  t o  separate one wave- 
l e n g t h  from another .  
when the s l i t  width is much g r e a t e r  than the  combined d i f f r a c t i o n  and a b e r r a -  
t i o n  h a l f  bandwidth, then  two wavelengths are j u s t  reso lved  when the  two 
I f  t he  s l i t  func t ion  i s  a t r i a n g u l a r  func t ion  as i t  i s  
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OF 2F tan i RESOLVING POWER R t =  7
LITTROW MONOCHROMATOR FOR F=2O.Orr 
SLIT WIDTH VALUE(ds) IN INCHES t 
FIG. 7 INCIDENT ANGLE i + 
210° I 310' I 4b0 I 5 10" I 6b0 I 1 
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wavelengths have a l i n e a r  s e p a r a t i o n  equal t o  t h e  s l i t  width ds. 
(14) i s  then t h e  r e s o l u t i o n  func t ion  and i t  can a l s o  be w r i t t e n  
Equation 
(17) 
2000 cos e 
ds dh = NkF 
Since  i n  t h i s  monochromator t h e  d i f f r a c t i o n  a n g l e 0  w i l l  have approximately 
t h e  same magnitude as t h e  i n c i d e n t  i, equat ion (17) becomes 
(18) 
2000 cos i ds 
NkF 
dh = 
Now t h e  va lue  of ang le  i w i l l  probably not  cover a g r e a t e r  range than 
i = 4' t o  i = 50°,  and 
cos 4" = .998 
cos 50' = .643 
It i s  seen  then by equat ion  (18) t h a t  t o r  a given s l i t  width, ds, t h e  r e s o l u -  
t ion ,  dh, can be  on ly  65% as l a r g e  when i = 50" as it  i s  when i = 4'. 
shows t h a t  t h e  r e s o l u t i o n  of a g r a t i n g  i s  no t  cons t an t  w i th  wavelength. 
This 
The l i n e a r  d i s p e r s i o n  a t  t h e  e x i t  s l i t  is def ined  as the  incremental  d i s t a n c e  
ac ross  the  e x i t  s l i t  width t o r  an incremental  Wavelength. From equa t ion  (18) 
w e  have 
ds NkF 
dX 2000 cos i 
- =  
and i ts  u n i t s  are inches/p. 
2.1.7 Gra t ing  S e l e c t i o n  
I n  the  appendix of t h i s  r e p o r t  w i l l  be found t h e  Technical  Discussion po r t ion  
OL t h e  Beckman Ins t rumen t ' s  t echn ica l  proposal  t o  JPL f o r  the c a l h r a t i o n  
monochromator s tudy  con t r ac t .  This t e c h n i c a l  proposal  has been included 
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s i n c e  Pages 2-1 t o  2-10 d i scuss  and i l l u s t r a t e  t he  pertormance of one, two, 
and t h r e e  g r a t i n g  monochromator systems. The conclusion of t h i s  a n a l y s i s  
l 
! i s  t h a t  t h r e e  separate g r a t i n g s  each used i n  the f i r s t  o r d e r  are r equ i r ed  
t o  proper ly  cover the  1 t o  15p wavelength region. 
t o  s e l e c t i o n  of a g r a t i n g  which i s  t o  follow w i l l  assume t h a t  t h r e e  separate 
The a n a l y t i c a l  approach 
t 
I 
I g r a t i n g s  are used i n  t h e i r  f i r s t  o rder  only. It i s  f u r t h e r  assumed t h a t  each 
g r a t i n g  w i l l  be provided wi th  prea l igned  mounting f a c i l i t i e s  which w i l l  a l low 
I 
r ap id  manual interchange of gra t ings .  
The Request f o r  Proposal has s p e c i f i e d  t h a t  the  wavelength range of the  mono- 
chromator is t o  be from 1p t o  15p and t h a t  t he  r e so lv ing  power i s  t o  be 1000 
when t h e  s l i t  width i s  . 3  mm (.012 inches).  Figure 7 i s  a g raph ica l  presenta-  
t i o n  of r e so lv ing  power ve r sus  the  g ra t ing  inc iden t  angle  f o r  a L i t t row mono- 
chromator which is t h e  same type monochromator as t h e  c a l i b r a t i o n  monochromator 
proposed here ,  This  p a r t i c u l a r  graph has been p l o t t e d  f o r  t h e  design parameters 
of t h i s  c a l i b r a t i o n  monochromator, t h a t  is the  f o c a l  l eng th  F= 20 inches. As 
shown i n  Figure 7 and a l s o  as computed us ing  equat ion  (16) the i n c i d e n t  g r a t -  
ing  ang le  f o r  a r e so lv ing  power RL = 1000 and a s l i t  width ds = .012 inches 
i s  
RL ds t a n  i = 
2F 
- 1000 x .012 = * 3  
2 x 20 
i = 16.70' 
The g r a t i n g  of t h i s  monochromator must always have an i n c i d e n t  angle  equal  t o  
o r  g r e a t e r  than 16.70' i n  order  t o  maintain t h e  r e so lv ing  power of 1000. This  
16.70' i n c i d e n t  angle  i s  shown as a ho r i zon ta l  l i n e  i n  Figure 2. The c a l i b r a -  
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L L-3n monochromator must be operated above t h i s  16.70' l i n e  a t  a t i m e s .  
A second h o r i z o n t a l  l i n e  has been drawn on the  graph of Figure 2 a t  an  i n c i -  
dent  angle  i = 50'. It w i l l  a l s o  be seen from Figure 2 t h a t  as i goes t o  
g r e a t e r  angles  than 50" t he  d i spe r s ion  increases  rap id ly ,  bu t  ve ry  l i t t l e  
wavelength range is  added. The a c t u a l  range of i nc iden t  angles  t o  be used 
w i l l  then be from 16.70 t o  50'. I n  Figure 2 along t h e  r i g h t  o r d i n a t e  is 
shown t h e  r e so lv ing  power va lues  f o r  F = 20 inches and ds  = ,012 inches 
( . 3  m). 
A s i n g l e  cam can now be designed which w i l l  d r i v e  any gra t ing ,  r e g a r d l e s s  
of Nk value,  from i = 16.7O t o  i = 50' such t h a t  t he  wavelength, h, passing 
through t h e  e x i t  s l i t  o t  t he  monochromator w i l l  be a l i n e a r  func t ion  of 
angular  cam r o t a t i o n .  This  cam des ign  w i l l  be  d iscussed  la te r  i n  g r e a t e r  
d e t a i l .  
Figure 2 shows a number of Nk value  curves t o  f a c i l i t a t e  t h e  s e l e c t i o n  of 
the  b e s t  g r a t i n g s  f o r  any wavelength range. 
i n  t h e i r  f i r s t  o rde r  i n  t h i s  monochromator, thus N = 1, and t h e  Nk curves 
become j u s t  k value  curves and g ive  the lines/mm of the  g r a t i n g  d i r e c t l y .  
The t h r e e  b e s t  g r a t i n g  k values  f o r  the 1p t o  15p range are 100 lines/mm, 
250 l i n e s / m ,  and 600 lines/uun. 
Gra t ings  w i l l  only be used 
These t h r e e  are shown i n  Figure 2 and it may be seen  t h a t  t hese  th ree  g r a t -  
ings g ive  e x c e l l e n t  wavelength overlap c h a r a c t e r i s t i c s .  The fol lowing t a b l e  
shows t h e  usable  wavelength range of these t h r e e  g r a t i n g s :  
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k h ( i  = 16.7') h ( i  = 50') 
600 lines/mm .956p 2.55p 
250 2.30 6.11 
100 5.74 15.3 
I f  the  b l aze  wavelengths are properly se l ec t ed  f o r  t hese  t h r e e  gra t ings ,  t h e i r  
g r a t i n g  e f f i c i e n c e s  w i l l  be 50% o r  b e t t e r  over  their  r e spec t ive  wavelength 
ranges. Figure 8 shows the  approximate energy d i s t r i b u t i o n  of t he  t h r e e  
g r a t i n g s  and t h e  opt imal  s e l e c t i o n  of  blaze wavelength. 
wavelengths are as fo l lows:  
These b e s t  b l aze  
k Blaze Wavelength Blaze Angle 
600 l i n e s / m  1 . 4 ~  25. 0' 
250 3.4p 25.0' 
100 8.5~ 25.0' 
It w i l l  probably be d i f f i c u l t  t o  f i n d  s tandard  o r  ready made g ra t ings  f o r  t h i s  
monochromator. I f  new g r a t i n g s  m u s t  be r u l e d  then they should be made as 
s p e c i f i e d  above. It w i l l  be noted tha t  a l l  have the  same b laze  angle  of 25O. 
2.1.8 Wavelength Cam vs.  Lead Screws 
The g r a t i n g  i s  t o  be r o t a t e d  about  the Y2 a x i s  which is  a f i x e d  a x i s  i n  the  
monochromator, and the  g r a t i n g  m u s t  a l s o  be mounted on a bear ing system t h e  
axis of which i s  para l le l  t o  both the l i n e s  of t he  g r a t i n g  and the  Y2 a x i s .  
As descr ibed  i n  the  previous s e c t i o n  of t h i s  r epor t ,  t he  g r a t i n g  is  t o  be 
r o t a t e d  through a n  angular  range of 33.3' which changes the  g r a t i n g  i n c i d e n t  
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ang le  from 16.7O t o  50°. 
The two mechanisms which have been gene ra l ly  used t o  c o n t r o l  t h e  angu la r  pos i -  
t i o n  of g r a t i n g s  have been the  l e a d  screw and the  cam. 
h i g h l y  p r e c i s i o n  l i n e a r  screw w i t h  matching n u t  u n i t  and i t  has found use i n  
many monochromator designs.  I f  t h e  monochromator i s  a Li t t row- type  and 
i = 8 then  it  can be seen  by the  equat ion  (2) that 
A l ead  screw is  a 
2a 
A = 7 s i n  i 
where : 
2a/N = a cons tan t  
A i s  then  a l i n e a r  func t ion  of s i n  i. 
one s i d e  of  a r i g h t  t r i a n g l e ;  the  s i d e  oppos i te  t o  ang le  i. The hypotenus of 
t h i s  t r i a n g l e  i s  maintained a t  a f i x e d  l e n g t h ;  one end being f i x e d  t o  the  
g r a t i n g  axis of  r o t a t i o n  and the  o the r  end a t t ached  t o  the  lead  screw n u t  
through a f r e e l y  r o t a t a b l e  bear ing.  The end of t h e  l e a d  screw oppos i te  t he  
nu t  must be allowed t o  s l i d e  a long  a t h i r d  a x i s  f i x e d  t o  t h e  monochromator 
s t r u c t u r e  and a l s o  passing through the r o t a t i n g  a x i s  of t h e  g ra t ing .  The 
l ead  screw must always be a t  r i g h t  angles  t o  t h i s  f i x e d  ax i s .  This  l ead  
screw and l inkage  system w i l l  then l i n e a r i z e  wavelength output  as a func t ion  
of l e a d  screw r o t a t i o n .  The l ead  screw, however, has  a number of d i sadvantages :  
I n  ope ra t ion  t h e  l ead  screw se rves  as 
1. 
2. 
3. The l inkage  mechanism is  complex r e q u i r i n g  both  r o t a t i n g  and s l i d i n g  
It c o r r e c t l y  l i n e a r i z e s  wavelength only when i = 8 .  
It is  d i f f i c u l t  t o  l i n e a r i z e  wavenumber ( l / h )  when t h i s  i s  needed. 
bear ings  w i t h  v e r y  l i t t l e  clearance.  
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4 .  Under ope ra t ing  condi t ions  i n  a vacuum and over severe  temperature 
cycles ,  t h i s  mechanism would be sub jec t  t o  binding and e r r a t i c  
opera t ion .  
5. E r ro r s  caused by l a rge  temperature changes would be indeterminate  
because of unknowns i n  the temperature t r a n s f e r  c h a r a c t e r i s t i c s  of 
the  s t r u c t u r e ,  
The cam, on the  o t h e r  hand, has become a very  popular device r e c e n t l y  f o r  
c o n t r o l  of the g ra t ings .  It w a s  n o t  too  many years  ago t h a t  it was very  ex-  
pensive t o  c a l c u l a t e  and machine a r e a l l y  h igh  q u a l i t y  cam. 
The r e c e n t  development of e l e c t r o n i c  computers and u l t r a  h igh  p rec i s ion  j i g  
borers  have made the  cons t ruc t ion  of p rec i s ion  cams economically f e a s i b l e .  
The cam has many advantages as a g ra t ing  c o n t r o l :  
1. C a m s  can be made t o  almost any mathematical  funct ion.  
2. In t e rchangeab i l i t y  of cams is  s i m p i e  s i n c e  they are supported on 
a s i n g l e  r o t a t a b l e  bear ing  a x i s  which is  f i x e d  t o  the  monochromator 
s t r u c t u r e .  
3. More than one cam can be mounted on a common a x i s  s h a f t  t o  accomplish 
s e v e r a l  p rec i s ion  t a s k s  simultaneously.  
The cam has a s i n g l e  a x i s  bear ing system which is  s i m p l e  and depend- 
ab le .  
fol lower which i s  a f ixed  part of t he  g r a t i n g  mount, b u t  t h i s  con tac t  
pressure  can usua l ly  be k e p t v e r y  low so  the  s l i d i n g  o r  r o l l i n g  f r i c t i o n  
is  very  small. 
4 .  
There i s  a s l i d i n g  o r  r o l l i n g  con tac t  produced by the  cam 
5. The performance of the  cam s y s t e m  wi th  changes i n  temperature i s  com- 
putab le  and p red ic t ab le  because of the  s t r u c t u r a l  s impl i c i ty .  
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2.1.9 Wavelength Cam Design 
There are two genera l  methods of using cams t o  c o n t r o l  a g ra t ing .  
1. The f i r s t  system uses  a c i r c u l a r  follower.  The a c t u a l  cam fol lower 
i s  e i t h e r  a f i x e d  c y l i n d e r  o r  sphere;  o r  t he  o u t e r  race of a b a l l  
bearing. The f ixed  fo l lowers  a re  used when c o n t a c t  pressures  be- 
tween the  fol lower and the  cam a r e  ve ry  low. 
the  b a l l  bear ing  is  usua l ly  necessary. 
A t  h igh  con tac t  pressures  
I n  t h i s  type of cam con t ro l ,  the fol lower i s  mounted t o  the  g r a t i n g  
support  and the  d i s t ance  between the  c e n t e r  of t h e  c i r c u l a r  fol lower 
and the  a x i s  of the  g r a t i n g  is  usua l ly  c a l l e d  the  wavelength a r m  
length.  I n  c a l c u l a t i n g  the  cam shape, t he  cam shape func t ion  is 
usua l ly  c a l c u l a t e d  f o r  t he  cen te r  of t he  follower.  Then by c u t t i n g  
the  cam wi th  a machine t o o l  of p r e c i s e l y  the  same diameter as the  
follower,  the  cam is given the  c o r r e c t  shape without  m k i n g  c o r r e c -  
t i o n s  f o r  t he  fol lower r ad ius  i n  the mathematical  equat ions.  
2. I n  the  second system of cam con t ro l  t he  fo l lower  i s  a f l a t  plane 
which l i e s  t a n g e n t i a l  t o  t h e  cam shape. I n  t h i s  system the  e f f e c -  
t i v e  wavelength a r m  l eng th  i s  va r i ab le .  Also i t  i s  the  f i r s t  
d i f f e r e n t i a l  of the  cam-grating func t ion  which must be der ived  and 
solved s imultaneously w i t h  the angle  of a t t a c k  of t he  f l a t  plane 
f o 1 lower. 
Both of t he  above cam c o n t r o l  systems must make use of the  same g r a t i n g  r o t a -  
t i o n  funct ion.  This  func t ion  is  derived d i r e c t l y  from the  genera l  g r a t i n g  
equa t ions  (1) and (5) 
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When 
case 
w i l l  
I 
then 
Tn 
a W - = s i n  i + s i n 0  
the  en t r ance  and e x i t  s l i t  are f ixed  r e l a t i v e  t o  one ano the r  as is the  
here ,  then  8 and i are always d i f f e r e n t  by a small cons tan t  ang le  which 
be c a l l e d  j ;  thus  
e =  i + j  (20) 
w = s i n  i + s i n  (i + j)  
The last  term i n  the  above equat ion  can be expanded. Both s i d e s  of  the equa- 
t i o n  are then  squared and, f i n a l l y ,  terms in i and j are c o l l e c t e d  sepa ra t e ly .  
The r e s u l t  i s  
w +d+ w2 - s in2  i 
s i n  i =2 - 2(1 + cos j) 
This  equat ion  expresses t h e  va lue  of i f o r  any wavelength value.  It should 
be r e a l i z e d  t h a t  
i = 4 2  
w h e r e d  2 is t he  ang le  of r o t a t i o n  of the  X2-22 plane about  t h e  Y2 a x i s  as 
shown i n  F igure  1. 
It should be noted that i f  j = 0, which means that i = 0 ,  then equat ion  (21) 
reduces t o  
s i n  i = Y- 
2 
which i s  equat ion  (2) and which was used i n  the r a y  trace and w a s  exac t  only 
when rays  s t a r t e d  on t h e  YO4 axis. 
In  the case of t h e  c a l i b r a t i o n  monochromator, t he  en t r ance  and ex i t  s l i t  
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n e u t r a l  axes are separa ted  by .56 inches and angle  
j = 00 - 2 '  - 20" 
This  j va lue  and equat ion  (21) should be used i n  any cam ca lcu la t ions .  To 
use equat ion  (21) i n  a cam c a l c u l a t i o n  i t  i s  necessary  t o  s u b s t i t u t e  f o r  h 
i n  the  equat ion  wi th  a term which descr ibes  the  r e l a t i o n  of h t o  t h e  angular  
p o s i t i o n  of wavelength readout  s c a l e  values .  The readout  s c a l e  should be a 
p a r t  of t h e  cam o r  a l i n e a r  gear  r a t i o  of it, i f  a gear  system i s  involved 
between t h e  readout  and the  cam. 
The v a r i a t i o n s  i n  both the  mechanical l inkages and the  dimensions of  t he  cam 
c o n t r o l  system determine the  r e l a t i o n s h i p  of i and the  cam readout  angle ,  and 
s i n c e  t h e r e  are s e v e r a l  d i f f e r e n t  o r i e n t a t i o n s  f o r  the  cam and fol lower which 
change the  s i g n s  and t h e  o rde r  of  terms, no equat ions  w i l l  be developed here.  
The e x a c t  cam and fol lower arrangement has n o t  been determined as a p a r t  of 
t h i s  s tudy.  
2.1.10 Allowable Tolerances i n  Construct ion Dimension 
I n  a monochromator t he re  are i d e a l  dimensions f o r  a l l  o p t i c a l  elements and 
a l s o  i d e a l  mounting pos i t i ons  f o r  them which are r equ i r ed  t o  produce a s p e c t r a l  
image a t  t h e  e x i t  s l i t  of the  monochromator which has the  exac t  wavelength de- 
f i n e d  by the  wavelength readout,  and a l s o  has  the  least  poss ib l e  h a l f  bandwidth 
spread  f o r  t he  p a r t i c u l a r  monochromator o p t i c a l  conf igura t ion .  
bandwidth image spread and abso lu te  wavelength accuracy have real  meaning only 
when t h e  s l i t  width i s  reduced t o  t h e  magnitude of t he  combined d i f f r a c t i o n  
and a b e r r a t i o n  spread. 
Minimum ha l f  
The match between the  s l i t  image curva ture  and the  -. 
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a c t u a l  s l i t  cu rva tu re  w i l l  a f f e c t  wavelength accuracy over  and above the  
e f f e c t s  due t o  d i f f r a c t i o n  and a b e r r a t i o n  bandwidth spread. 
An a n a l y s i s  of Table I w i l l  show that the h a l f  bandwidth image spread  due t o  
a b e r r a t i o n s  would be less than  .001 inches f o r  n e a r l y  a l l  cond i t ions  a t  a 
r ay  s t a r t i n g  po in t  of  204 = .28 inches,  which is  t h e  en t r ance  s l i t  pos i t i on .  
This  f a c t  is determined by i n t e r p o l a t i o n  of t h e  image c h a r a c t e r i s t i c s  f o r  
r a y  s t a r t i n g  po in t s  a t  204 = .2 and It should be noted t h a t  w e  
are d i scuss ing  h a l f  bandwidth spread, A'Z04,  and n o t  maximum spread, A204. 
04 - .4. 
As we a l s o  have seen  from t h e  s e c t i o n  which d iscussed  the  d i f f r a c t i o n  image, 
t he  maximum d i f f r a c t i o n  h a l f  bandwidth occurs  a t  the upper wavelength l i m i t  
which i s  15p and t h i s  h a l f  bandwidth i s  .0015 inches.  This  same d i f f r a c t i o n  
spread  a t  1p  is only  .0001 inches.  Thus i f  t he  monochromator i s  proper ly  
focused the  h a l f  bandwidth spread due t o  t h e  t o t a l  e f f e c t s  of a b e r r a t i o n s  
and d i f f r a c t i o n  w i l l  be less than  .0025 inches a t  15p and less than .0010 
inches a t  IF. 
Refe r r ing  t o  Table I1 and Table 111, it i s  seen  t h a t  t h e  so -ca l l ed  s l i t  
cu rva tu re  i s  a 2'04 displacement  which is ze ro  when YO4 = 0, and inc reases  
f o r  both p o s i t i v e  and nega t ive  YO4 values.  This 2'04 displacement i s  a l s o  
very  n e a r l y  ze ro  f o r  a l l  &YO4 s t a r t i n g  p o i n t s  when i = 4",  bu t  i t  inc reases  
r a p i d l y  a t  l a r g e  va lues  of ang le  i. 
displacements  which occur  f o r  i = 50° and i = 20' r e spec t ive ly .  The average 
s l i t  cu rva tu re  displacements  are seen t o  have approximately va lues  of -. 0085 
inches  a t  the s l i t  s t a r t i n g  po in t  YO4 = .4, Z04 = .28 and -.0090 inches a t  
Table I1 and Table I11 show t h e  2'04 
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a t  YO4 = -.4, 204 = .28 when i = 50". Similar ly ,  the  average s l i t  cu rva tu re  
displacement when i = 20" is seen t o  be approximately -.0020 inches a t  YO4 = 
.4, 204 = .28 and -.0024 inches a t  YO4 = -.4, 204 = .28. The s l i t  i s  u s u a l l y  
given cu rva tu re  by cons t ruc t ing  a c i r c u l a r  s l i t  j a w  edge which passes through 
both the  zero  displacement poin t  on the  204 ax i s ,  and the  displacement coordin-  
a te  po in t  where YO4 = k.4. 
between t h e  extreme values .  For t h i s  monochromator the  extreme va lues  occur 
f o r  angle  i = 16.7" and i - 50" and have, respec t ive ly ,  t he  approximate d i s -  
placements of -.0018 and -.0085 f o r  YO4 = .4, and -.0020 and -.0090 f o r  YO4 = 
-.4. 
curva ture  displacement than the  p o s i t i v e  va lues .  This is probably due t o  
coma. 
50" values .  
The s l i t  curva ture  s e l e c t e d  w i l l  a l s o  u s u a l l y  l i e  
The negat ive  YO4 s t a r t i n g  po in t s  have images wi th  s l i g h t l y  more s l i t  
The i = 16.7" values  have been i n t e r p o l a t e d  from the  i = 4", 20°, and 
F i n a l l y  the,  the  average s l i t  curva ture  displacement w i l l  be taken t o  be 
-.0050 when YO4 = -1.4, 204 = .28. 
inch  rad ius .  
nega t ive  va lues  of Y04. 
en t r ance  o r  e x i t  s l i t  of t he  monochromator. I n  the  case  of t he  c a l i b r a t i o n  
monochromator under s tudy  here,  the e x i t  s l i t  w i l l  be kep t  s t r a i g h t  and the 
en t rance  s l i t  w i l l  be given the  curvature .  
cu rva tu re  va lue  the  maximum image curva ture  displacements w i l l  occur a t  the  
two ends of t he  s l i t ,  and a t  the  wavelengths of 1p and 15p. 
magnitude of these  displacements  are only .0040 inches.  This  i s  s t i l l  much 
smaller than  t h e  .012 inch  ( . 3  mm) s l i c  wid th  f o r  which r e so lv ing  power was 
This i s  s a t i s f i e d  by a c i r c l e  w i t h  a 16.0 
The same curva ture  w i l l  be used here  f o r  bo th  p o s i t i v e  and 
This  s l i t  curva ture  may be aplj l ied t o  e i t h e r  t he  
With the  use  of t h i s  average s l i t  
The maximum 
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s p e c i f i e d  i n  the  design s p e c i f i c a t i o n s .  In  f a c t ,  i t  is  seen  t h a t  the  t o t a l  
of a l l  s l i t  image e r r o r s  inc luding  curvature  can  be he ld  t o  below .005 inches 
f o r  the f u l l  wavelength range and a t  t h i s  s l i t  width the  r e so lv ing  power of the  
monochromator w i l l  be 2 . 5  times i t s  value a t  a . 3  mm s l i t  width. I n  Figure 7 
one of the  curves shows a r e so lv ing  power of the  monochromator ve r sus  wave- 
l eng th  f o r  a s l i t  width of ,005 inches. 
The a b e r r a t i o n  funct ion,  however, i s  no t  n e c e s s a r i l y  always a small value.  
We have been cons ider ing  i t s  va lue  when the  monochromator i s  i n  focus.  A 
s l i g h t  defocus w i l l  en la rge  the  a b e r r a t i o n  spread a t  t h e  e x i t  s l i t  very  suddenly. 
A s  i n  any o p t i c a l  system, the  depth o f  focus i s  much s h o r t e r  when t h e  o p t i c s  
have a h igh  numerical  aper ture ,  as i n  the case of t h i s  c a l i b r a t i o n  monochromator. 
The c a l i b r a t i o n  monochromator has a focus l eng th  of 20 inches and a n  a p e r t u r e  i n  
bclth the  Y2 and 22 d i r e c t i o n s  of 8 inches. Thus any po in t  a t  t h e  e x i t  s l i t  
when the  e x i t  s l i t  i s  i n  focus is the apex of a system of rays  which form a 
four  s ided  pyramid wi th  an  8 inch  square base and a he igh t  of 20 inches.  
Therefore,  i f  the  s l i t  i s  defocused by moving i t  a long  the  a x i s  of the pyramic 
away from the  apex, then the a b e r r a t i o n  spread w i l l  i nc rease  i n  bo th  the  YO4 
and 204 d i r e c t i o n s  a t  a rate of 8 inches f o r  moving 20 inches along the  
pyramid a x i s .  More r e a l i s t i c a l l y  w e  can say  that i f  t he  s l i t  i s  moved . 0 2 0  
inches from the  apex of t he  pyramid along the:Eei&taxis of the  pyramid then 
t h e  a b e r r a t i o n  spread i s  .008 inches which i s  2 / 3  of a . 3  mm s l i t  width. 
should be r e a l i z e d  a l s o  t h a t  t h i s  pyramid geometry doesn ' t  hold i n  a reg ion  
w i t h  k.005 inches of t he  apex due t o  a b e r r a t i o n  and d i f f r a c t i o n  spreads.  
It 
A monochromator of t h i s  q u a l i t y  and expense should be focused t o  w i t h i n  .005 
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inches of the  i d e a l  apex value.  This can b e s t  be accomplished by p lac ing  
to l e rances  on the  design of the  monochromator and o p t i c a l  pa r t s  so t h a t  the  
t o t a l  displacement of the  apex a t  the  s l i t  when assembled i s  no g r e a t e r  than 
.040 inches.  The s l i t s  should then be constructed i n  such a way t h a t  they 
can be a l igned  and mounted on the  apex wi th in  a n  accuracy of .005 inches.  
Pos i t i on ing  the  s l i t  a t  the focus can be accomplished by v i s u a l l y  looking 
i n t o  the  ex i t  s l i t  a t  the  g r a t i n g  face.  The en t rance  s l i t  must a t  t h e  same 
t i m e  be i l lumina ted  wi th  l i g h t  from a low pressure  mercury source,  and t h i s  
same l i g h t  must f i l l  t he  gra t ing .  
seen  t o  be f i l l e d  wi th  green l i g h t .  This occurs  when one of t he  g r a t i n g  
o rde r s  f o r  t he  546 mm l i n e  of mercury pass through the  e x i t  s l i t .  Next t h e  
s l i t s  are narrowed t o  a .001 inch  s l i t  width. Some areas of the  g r a t i n g  w i l l  
remain green, b u t  o the r  areas w i l l  become dark. 
areas which have r ays  t h a t  pass through the  ex i t  s l i t .  Rays from the  dark  
areas have been stopped by t h e  ex i t  s l i t  j a w s .  When the  s l i t s  are out  of 
focus only  a narrow v e r t i c a l  zone of the g r a t i n g  w i l l  be green, and t h i s  area 
w i l l  move l a t e r a l l y  ac ross  the  f ace  of the  g r a t i n g  whenever i t  i s  ro t a t ed .  
When t h e  s l i t s  have been moved i n t o  the b e s t  f o c a l  plane, n e a r l y  the  f u l l  
g r a t i n g  w i l l  be i l lumina ted  uniformly. (Table L$ shows that the  b e s t  focusing 
can be done a t  the  s h o r t e r  wavelength end of t he  wavelength range where angle  
i v a l u e s  are smallest. It i s  seen i n  t h i s  t a b l e  t h a t  n o t  a l l  r ays  are a c t u a l l y  
conta ined  w i t h  a .001 inch  spread. Also, b e s t  focus image w i l l  be a ided  by 
only  us ing  the  c e n t r a l  part  of the s l i t  height.) I f  t h e  g r a t i n g  i s  now r o t a t e d  
only  v e r y  s l i g h t l y  the  f u l l  g r a t i n g  face w i l l  be plunged i n t o  darkness a lmost  
immediately a v e r  all parts of t he  g ra t ing  face  simultaneously.  
The g r a t i n g  i s  then r o t a t e d  u n t i l  i t  is  
The b r i g h t  areas are those 
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The above method can p o s i t i o n  the  s l i t  wi th in  .005 inches of the  b e s t  focus 
i f  the s l i t  width used f o r  focusing is .001 inches.  S t i l l  more p rec i se  
focusing can  be achieved by f u r t h e r  narrowing of the  s l i t s ,  and then  looking 
f o r  the shadow p a t t e r n s  on the  face  of the g r a t i n g  which are func t ions  of 
the  204 e r r o r s  a t  t h e  focus f o r  each zone of the  g ra t ing ,  and can be d e t e r -  
mined from the  r ay  trace data .  Focusing wi th  the  .001 inch  s l i t s  w i l l  g ive 
ample  performance f o r  t h i s  monochromator requirements.  
2.1.10.1 Mirror  Support  Surfaces  
I f  now t h e  i n t e n t  i s  t o  a l low the  t o t a l  e r r o r  b u i l d  up i n  the  monochromator 
t o  be .04 inches and then c o r r e c t  t h i s  by v i s u a l  pos i t i on ing  of t he  s l i t  
system, then  the e r r o r s  i n  machining the monochromator s t r u c t u r e  and the  
e r r o r s  i n  the  f o c a l  l eng th  of the co l l imat ing  mi r ro r  can add up t o  only 
.040 inches.  In  o rde r  t o  mount t h e  co l l ima t ing  mirror ,  po r t ions  of i t s  
paraboloid o p t i c a l  su r f ace  should be used f o r  d i r e c t  mounting i n  con tac t  w i t h  
matching machined su r faces  on t h e  monochromator s t r u c t u r e .  Such mounting 
s u r f a c e s  on the  monochromator s t r u c t u r e  can be machined i f  i t  is  remembered 
by geometr ica l  a n a l y s i s  t h a t  a l l  planes which are normal t o  the  a x i s  of a 
paraboloid of revolu t ion ,  and which i n t e r s e c t  t h e  paraboloid have an  i n t e r -  
s e c t i o n  which is  a c i r c l e .  For any of t hese  c i r c u l a r  i n t e r e e c t i n q s  a cone 
can be de f ined  which i s  i n  con tac t  with t h e  c i r c l e  and t a n g e n t i a l  t o  the  
paraboloid.  Next cons ider  only a frustum of t h i s  t a n g e n t i a l  cone w i t h  a 
t o t a l  h e i g h t  of .040 inches say, having equal  he igh t  above and below the  
c i r c l e  of contac t .  Such a frustum of a cone w i l l  match the  paraboloid very  
c lose ly .  
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Modern machine t o o l s  such as j i g  borers  and job  m i l l s  can machine such a 
frustum of a cone wi th  very  h igh  pos i t ion ing  accuracy. Of course,  on ly  
s e c t o r s  of such su r faces  are required,  i f  such s e c t o r s  w i l l  support  the  
paraboloid w i t h  abso lu te  s t a b i l i t y .  
Figure 9 shows the  areas of t he  paraboloid co l l ima t ing  mi r ro r  which are used 
as both  t h e  f i r s t  and t h e  t h i r d  su r faces  of t he  monochromator. The con ica l  
s e c t i o n  mounting su r faces  must be outs ide  of t h i s  area of us. Figure 9 shows 
4 c o n i c a l  s e c t i o n s  b u t  made from sec t ions  of only two d i f f e r e n t  frustum of 
cones. 
Each c i r c l e  of con tac t  and frustum of a cone must have the  X 1 3  a x i s  i t s  own 
a x i s .  The small machined c o n i c a l  areas should be loca ted  t o  w i t h i n  2.001 
inches of t h e i r  t h e o r e t i c a l  l oca t ions .  Any e r r o r s  i n  l o c a t i n g  these  s u r f a c e s  
w i l l  cause one o r  bo th  of the  fol lowing image e r r o r s  a t  t h e  ex i t  s l i t .  
1. Er ro r s  i n  X 1 3  p o s i t i o n  of t h e  con ica l  su r f aces  produce an  X 0 4  e r r o r  
a t  the e x i t  s l i t  which w i l l  have a magnitude which i s  twice t h e  s i z e  
of the X 1 3  p o s i t i o n  e r r o r .  
E r ro r s  of d i f f e r e n t  magnitude and s i g n  i n  the  r e l a t i v e  pos i t i ons  of 
the  machined areas w i l l  cause th’e co l l ima t ing  mi r ro r  a x i s  t o  be t i l t e d  
from t h e  i d e a l  paraboloid ax is .  The component of t h i s  e r r o r  measured 
i n  the  X l 3 - y l 3  plane  may cause e r r o r s  up t o  a maximum poss ib l e  e r r o r  
displacement i n  the  YO4 image p o s i t i o n  of .005 inches which r ep resen t s  
only a .6% loss  of energy due t o  .6% of the  energy f a l l i n g  above o r  
below the  ex i t  s l i t .  The component of t h i s  e r r o r  measured i n  t h e  X - 1 3 -  
2-13 plane w i l l  cause a maximum 204 e r r o r  a t  t h e  e x i t  s l i t  of .005 
2. 
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inches.  
w i l l  be s u b s t a n t i a l l y  co r rec t ed  by f i n a l  wavelength c a l i b r a t i o n  pro- 
cedures.  
This  w i l l  manifest  i t se l f  as a small wavelength e r r o r ,  and 
I 
2.1.10.2 Coll imat ing Mir ror  
I 
I f  paraboloid su r face  of t he  co l l ima t ing  mir ror  i s  used f o r  d i r e c t  mounting 
t o  the  monochromator s t r u c t u r e  as discussed i n  the  previous sec t ion ,  then 
only t h i s  one su r face  r equ i r e s  tolerances.  These su r face  to l e rances  should 
inc lude  both  genera l  su r f ace  i r r e g u l a r i t i e s  and dev ia t ions  from a t r u e  paraboloid 
sur face ,  and the  accuracy of t he  f o c a l  length.  
It has been shown i n  the  previous sec t ion  t h a t  t h e  machined mounting s u r f a c e s  
f o r  t h i s  paraboloid mir ror  should be a t  t h e i r  i d e a l  pos i t i ons  w i t h i n  .001 inches.  
These close t o l e rances  mean t h a t  t he  focusing e r r o r  con t r ibu ted  by machining 
these  su r faces  cannot be g r e a t e r  than  .002 inches.  It had been assumed t h a t  
t h e  f i n a l  s l i t  system pos i t i on ing  methods w i l l  c o r r e c t  f o r  defocusing e r r o r s  
up t o  .040 inches.  The remaining .038 inches i s  then the  al lowable e r r o r  i n  
the  f o c a l  l eng th  of the  paraboloid mirror.  
It is  r e a d i l y  seen  then t h a t  i f  i t  were economically f e a s i b l e  t o  make the  
paraboloid mi r ro r  w i t h  a f o c a l  l eng th  accuracy of k.001 inches,  then  the  f i n a l v i s u a l  
s l i t  al ignment  techniques would n o t  be r equ i r ed  a t  a l l .  In s t ead  t h e  s l i t s  
could be pos i t ioned  mechanically and d i r e c t l y  t o  k.002 inches of t h e i r  i d e a l  
X04 p o s i t i o n  as def ined  by the r ay  t race.  
o p t i c a l  system would be f r e e  of adjustments,  which is  a real  a i d  t o  ob ta in ing  
h igh  r e l i a b i l i t y  and r e p e a t a b i l i t y  of performance. 
Thus the  complete monochromator 
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The dec i s ion  as t o  whether t o  b u i l d  the  monochromator wi thout  adjustment  which 
w i l l  a l s o  make the  s l i t  mountings much s i m p l e r ,  o r  whether t o  provide f a c i l i t i e s  
f o r  later v i s u a l  alignment and f i x i n g  of the  s l i t  l o c a t i o n  w i l l  depend on t h e  
f e a s i b i l i t y  of ob ta in ing  the  paraboloid with a 20.000 k.001 inch  f o c a l  length.  
, 
I r r e g u l a r i t i e s  i n  the  su r face  of t he  paraboloid w i l l  cause rays  from these  
i r r e g u l a r  areas t o  dev ia t e  from t h e i r  i dea l  p o s i t i o n  on t h e  e x i t  s l i ts .  For 
t h i s  monochromator w i th  a 20 inch f o c a l  length,  i r r e g u l a r i t i e s  equ iva len t  t o  
two f r i n g e s / i n c h  w i l l  cause ex i t  s l i t  e r r o r  dev ia t ions  of ,001  inches.  How- 
ever ,  s i n c e  i n  practice the  paraboloid mirror  may n o t  be t e s t e d  by i n t e r -  
ferometry during i t s  cons t ruc t ion ,  a b e t t e r  d e f i n i t i o n  of su r face  accuracy 
may be t o  r e q u i r e  t h a t  t h e  mir ror  w i l l  focus a p e r f e c t l y  co l l imated  beam of 
l i g h t  which covers  t he  area of use on the paraboloid i n t o  a c i r c l e  of confusion 
no l a r g e r  than .002 inches i n  diameter a t  t h e  f o c a l  plane. 
2.1.10.3 Grating; 
The g r a t i n g  i s  mounted i n  t h e  (X2, Y 2 ,  22) a x i s  system. The accuracy t o  which 
i t  i s  mounted i n  t h i s  a x i s  system w i l l  now be d iscussed .  I n  t h e  f i r s t  p l ace ,  
t he  e r r o r  i n  l o c a t i n g  the  g r a t i n g  along t h e  X2 a x i s  has  n e g l i g i b l e  e f f e c t  on 
t h e  image a t  t he  e x i t  s l i t .  However, t he  magnitude of t h i s  e r r o r  may be 
c r i t i c a l  when considered re la t ive  t o  t h e  p o s i t i o n  of t h e  wavelength cam a x i s .  
The spacing between t h e  cam a x i s  and g r a t i n g  a x i s  must be he ld  t o  q u i t e  high 
accuracy i f  wavelength accuracy i s  to  be of a h igh  order .  
an e r r o r  must be computed from t h e  combined cam-cam fol lower geometry, bu t  
u s u a l l y  these  axes need an accuracy of spacing o f _ +  .0005 inches ,  and o f t e n  
t i m e s ,  much less. 
The e f f e c t  of such 
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The Y2 axis should be parallel to the lines of the grating. If instead the 
lines are tilted forward or backward in the X2 - Y2 plane, then the exit slit 
image will be low or high, respectively, in relation to the exit slit position. 
At high incident grating angles, however, some lateral tipping of the exit 
slit image will also occur which will act as both a wavelength error and a 
wavelength bandwidth broadening factor. The grating lines should be oriented 
within? 1 minute of arc of the Y2 axis as measured in the X2 - Y2 plane. 
This will keep the magnitude of the Z04error within ,001 inches. 
If the lines of the grating are tilted in the Y2 - 22 axis, a stronger exit 
slit image tilt will be observed. This will manifest itself in a 204 image 
displacement which will be both a direct wavelength error and a wavelength 
bandwidth broadening factor. The grating lines should be oriented within 
- + . 5  minutes of arc of the Y2 axis as measured in the Y2 - 22 plane. 
will keep the magnitude of the 204 error within ,001 inches. 
This 
The actual process of mounting a grating on its bearing axis to these toler- 
ances may be done by two general approaches. The first is to align the 
grating by purely mechanical means in a precision jig borer or similar 
accurate tool. Surfaces are indicated using mechanical or electronic indi- 
cators. The position of the lines may be located and positioned by a 
microscope. 
The second method consists of mounting the grating bearing axis perfectly 
normal to an autocollimator. Next the grating face is made also normal to 
the autocollimator. Then the lines of the grating must be brought into 
parallelism with the bearing axis by obtaining simultaneous autocollimation 
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f o r  t h e  g r a t i n g  a t  the  zero  order  and a l l  o ther  o r d e r s ,  p o s i t i v e  o r  nega t ive ,  
which are v i s i b l e .  A low pressure  mercury source wi th  l i n e  s p e c t r a  i s  r equ i r ed  
f o r  t h e  au tocol l imator .  
2.1.10.4 S l i t s  
The e x i t  s l i t  must be loca ted  as accura te ly  as p o s s i b l e  on t h e  en t rance  s l i t s  
image a t  t h e  e x i t  s l i t  plane.  The ray t r a c e  has  c a r e f u l l y  determined t h e  
l o c a t i o n s  of t he  n e u t r a l  axes of t h e  en t rance  and e x i t  s l i t s  and has  determined 
t h e  r equ i r ed  curva ture  of t he  en t rance  s l i t .  The s l i t  jaws should now be 
loca ted  as accu ra t e ly  as poss ib l e  t o  reproduce these  i d e a l  condi t ions .  The 
d e f i n i n g  j a w s  of t h e  two s l i t s  should have a c t u a l  YO4 and 204 l o c a t i o n s  w i t h -  
i n ?  .0003 inches of each o ther .  A l l  of t he  d e f i n i n g  j a w s  must a l s o  l i e  i n  
t h e  
us e 
one 
The 
same plane.  
cjf a p r e c i s i o n  assembly j i g  which m u s t  be designed and cons t ruc ted  f o r  t h i s  
purpose. 
This  r e l a t i v e  pos i t i on ing  accuracy i s  usua l ly  accomplished by 
s l i t  jaws should be completely supported dur ing  opera t ion  by a sp r ing  
hinge system. There must be no mechanical f r i c t i o n  involved i n  t h e  s l i t  
ope ra t ion ,  otherwise e r r a t i c  energy output from t h e  monochromator may be 
observed. A complete spr ing  hinge system w i l l  be t r o u b l e  f r e e  f o r  vacuum 
ope ra t ion  and over the  wide temperature range requi red  of t h e  monochromator.. 
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2.1.10.5 Effects of Temperature and Vacuum 
The performance of the calibration monochromator would be substantially 
degraded by operation in vacuum and at very low ambient temperatures unless 
proper precautions are taken in the mechanical design. Some of the main 
problems to be considered when operation is in a vacuum are the following: 
1. 
2. 
3 .  
4 .  
Journal bearings and sliding bearing can seize and become 
inoperative. 
Improper surface processing of castings can cause excessive 
out-gassing and increased time required for pump-down. 
Certain lubricants may out-gas severely and be deposited on 
optical elements and then reduce transmission of the system. 
Plastic coatings, such as the replicated grating surface, 
may be damaged if improperly applied. 
All of the above innumerated problems can be avoided by good vacuum engineer- 
ing practices. 
To maintain performance within specifications for the calibration mono- 
chromator over the wide operating temperature range from 8OoK to 300% 
requires solving two types of problems. The first type of problem is very 
s imi 1 ar 
1. 
2. 
3 .  
to the problems created by vacuum. 
Journal bearings and sliding bearings lock and become 
inoperative due to differential expansion of various 
bearing components. 
There are very few desirable lubricants for this wide range of 
temperature. 
The replica coating on the grating may check if improperly made 
because of differential expansion between the coating and the 
support . 
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Similar to the case of vacuum operation, these above problems can be solved 
by good cryogenic engineering practices. 
The second type of problem, caused by the large temperature range requirements 
of the monochromator, is that of dimensional changes to all monochromator 
parts, and the resultant degradation of performance below specifications. The 
following discussion presents only a generalized approach to this problem. 
The detail solutions must be considered in light of the actual mechanical 
layout. First, let us assume we have designed a complete monochromator of 
monometalic construction. This means that the main structure, mirror, grating, 
cam, slits, and all other aiding parts and components are made from the same 
material, which may be aluminum, glass, etc. Let us ask then what type of 
performance this monochromator will have at ambient temperatures of both 
80°K and 300°K. It will be found then that this monochromator will retain the 
same sharp focus at any stabie and uniforin tmperature, but it will not retain 
the same wavelength calibration. 
0 0 When the temperature is lowered 220 C in going from 3OO0C to 80 C, there will 
be a shrinkage in the size of all parts. However, for monometalic construct- 
ion all parts have the same percent shrinkage. The monochromator can then 
retain constant focus because the monochromator distance from the slit to the 
collimating mirror is shortened by the same percentage as is the focal length 
of the paraboloid mirror. 
To define the effect on the wavelength calibration of the monochromator 
caused by a large drop in temperature let us refer to the grating equation 
for a littrow monochromator which is equation ( 2 ) .  
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N = 2a sin i 
The sin i function is actually controlled by the ratio of the effective 
radius of the cam to the length of the wavelength arm. However, in the mono- 
metalic system, this proportion remains constant and thus so does sin i. It 
can then be seen by equation (2) that, if sin i is constant, then 
be a linear function of the grating line spacing, a. However, the grating 
line spacing, a, will not be constant since this has the same shrinkage rate 
as the grating replica support. It is seen from equation (2) then, that the 
wavelength will be shifted to a shorter wavelength by reducing the temp- 
erature. This latter wavelength shift can be greatly reduced in this mono- 
metalic monochromator by laying the grating replica on fused silica or Pyrex 
glass which have very small coefficients of expansion. 
3 will 
The next question to answer then is how practical it is to accomplish mono- 
metalic construction. In the first place, a stabilized aluminum casting is 
probably the best material for the monochromator structure. Aluminum cast- 
ings are economical, lightweight, very castable and machinable, and they can 
be aged for high stability. 
allows their rapid stabilization to uniform temperature after a temperature 
change. This latter property often makes aluminum considerably more desir- 
able then steel, which requires considerably more time for temperature 
stabilization. Also, steel can retain larger undesirable temperature 
gradients due to different temperatures on opposite sides of the part. 
They also have high thermoconductivity which 
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The paraboloid collimating mirror can be made of aluminum. 
have been made by using a thin hard surface coating, then final polishing and 
aluminizing it. Such a mirror would maintain a sharp focus for the mono- 
chromator at all temperatures. If the collimating mirror is made of glass, 
it should be one with a high coefficient of thermal expansion such as crown 
glass. 
Aluminum mirrors 
An aluminum casting alloy of high silicon content, such as A132, has a co- 
efficient of thermal expansion of 19.0 x 10 inches/high/OC, whereas, some 
crown glasses have a coefficient of thermal expansion as high as 11.3 x 
inches/inch/°C. These latter coefficients are for a temperature of 3OO0C 
and will be different at 80%. By using the coefficients at 300 C,  it is 
seen that aluminum A132 has a greater coefficient of expansion than crown 
glass by 7 . 7  x inches/inch/°C. The magnitude of defocus measured 
along the X04 axis for a temperature change from 300°C to 80 C is 
6 
0 
0 
-6  
7.7 x 10 x 20 x 220 = .035 inches 
Then, as was described in Section 2.1.10, an X04 error of .035 inches will 
cause a 204 image spread of .014 inches. This image spread is slightly 
greater than . 3  mm. 
mirror. The aluminum mirror is more expensive at this time. 
The designer must decide between an aluminum or glass 
Now going to the wavelength calibration change problem, we are immediately 
confronted with the difficulty of obtaining a good aluminum cam. 
possible, but at greater cost than an all-steel cam. 
require the final cam surface to be hard coated for wear. The other approach 
This is 
The aluminum cam would 
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is to use a steel cam, a steel wavelength arm on the grating, and a steel 
spacer between the grating bearing system and the cam bearing system; 
the constancy of the sin i function will once again be preserved. 
complex approaches are possible, such as using different metals for the cam 
and the wavelength arm with the planned purpose of compensating for changes 
in grating line spacing, a, due to the expansion of the replica grating support. 
thus, 
Other more 
2.2 Optical Coupling for the Calibration Monochromator 
The calibration monochromator is to be used to illuminate other monochromators 
undergoing performance tests. It is of prime importance that the calibration 
monochromator be capable of filling completely and uniformally both the 
entrance slit and the aperture of the dispersive element of the test mono- 
chromator. 
11, prepared under Contract 950880 for Jet Propulsion Laboratory by Beckman 
Instruments, Inc., presents difficult and typical optical coupling problems 
which can only be adequately solved by ray-trace techniques. This particular 
test monochromator is used for illustration, since a complete set of boundary 
rays are already programmed. 
The monochromator which was described in the Final Report, Phase 
Two different optical coupling systems have been analyzed for use between the 
calibration and test monochromators. 
mirror is used to image the exit slit of the calibration monochromator onto 
the entrance slit of the test monochromator without using the spherical 
entrance telescope mirror of the test monochromator. In the other system the 
test monochromator retains its spherical entrance telescope mirror and the 
calibration monochromator is also provided with an identical spherical 
telescope mirror for collimating light between the two telescope mirrors. 
In one system a single spherical concave 
In 
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this latter system, the exit slit of the calibration monochromator is again 
imaged onto the entrance slit of the test monochromator. 
\ 
For both the single mirror and the double mirror coupling systems it was 
found advantageous to use the computer ray trace with those same rays which 
were used in the Contract 950880 report, which fill the slit aperture of the 
test monochromator. These rays have been used in their reverse direction and 
traced, in order, through the coupling optics, through the exit slit plane 
of the calibration monochromator, and onto the grating aperture of the Cali- 
bration monochromator. The orientation of the calibration monochromator 
relative to the coupling optics had to be modified and retraced many times 
until 
imaged on the exit slit of the calibration monochromator; and (2) the test 
monochromator aperture was imaged within the bounds of the grating aperture 
of the calibration monochromator. The details of this positioning will now 
be discussed. 
(1) the entrance slit image of the test monochromator was accurately I 
2.2.1 Single Mirror Coupling; Optics 
In Figure 10 are shown the locations of the calibration and test monochrom- 
ators and the single coupling mirror. The (XO, YO, ZO) axis system is the 
entrance slit location for the test monochromator. The remainder of this 
monochromator is not shown, but the defining rays for this monochromator are 
used. 
The rays commence in the (XO, YO, ZO) axis system, and the directional cosines of 
these rays are first multiplied by (-1) so the rays are given an opposite 
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direction or sense. These rays are then directed toward the spherical coupl- 
ing mirror. 
The exit slit of the calibration monochromator is in the (X2, Y2, 22) axis 
system. The origin of the (X2, Y2, 22) axis system is offset .28 inches 
along the -204 axis which is the exit slit neutral axis offset. 
bration monochromator collimating mirror is in the (X3, Y3, 23) axis system 
and the grating is in the (X4, Y4, 24) axis system. 
The spherical coupling mirror is in the (Xl, Y1, 21) axis system. 
The cali- 
It will be observed that the calibration monochromator has acquired a sub- 
stantial twist relative to the incoming beam from the coupling mirror. 
is necessary because of the severely tilted slit of the test monochromator. 
The (X2, Y2, 22) axis system rotational position relative to the (Xl, Y1, Zl) 
axis system is: 
This 
0 J 2 = -15.5 
Q 2 = - 9 O  
3 2 = 14.5' 
Figure 10 completely defines the coupling optics and relative location of 
the two monochromators. 
2.2.2 Double Mirror Coupling Optics 
This system is shown in Figures lla and llb. Again, the entrance slit of 
the test monochromator is in the (XO, YO, 20) axis system. The telescope 
mirror of the test monochromator is in the (Xl, Y1, Zl) axis system. An 
identical telescope mirror is mounted in the (X2, Y2, 22) axis system. The 
exit slit of the calibration monochromator is now in the (X3, Y3, 23) axis 
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system; the collimating mirror of the calibration monochromator is in the 
(X4, Y4, 24) axis system, and the grating of the calibration monochromator 
is in the (X5, Y5, 25) axis system. Again, it is seen that the calibration 
monochromator requires a substantial twist relative to the test monochromator, 
and here also the calibration monochromator has been turned upside down in 
order to obtain best coupling efficiency. 
the design of the calibration monochromator to have it operate in any 
orientation. Figures lla and llb completely define the coupling optics and 
the locations of the monochromators, 
It may be an important factor in 
2.2.3 Results of Ray Trace 
Figure 12 shows images of the grating aperture of the test monochromator at 
the grating aperture of the calibration monochromator. 
represent different ray starting points on the entrance slit of the test mono- 
chromator. These points define the boundaries of the 3 mm x 15 mm entrance 
slit, and the center of the slit. The test monochromator has an f/3.5 square 
aperture and the calibration monochromator has an f/2.5 square aperture, thus 
the image of the test monochromator aperture is seen to be much smaller than 
the aperture of the calibration monochromator. 
The different images 
Figure 13 is the same type of image presentation as Figure 12, except it is 
for the two-mirror system. The two-mirror system has produced a near-perfect 
image of the test monochromator aperture on the calibration monochromator 
aperture which results in the near superposition of the images for all five 
ray starting points at the entrance slit of the test monochromator. Figure 
12, on the other hand, shows that the test monochromator aperture is well out 
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ZONES OF ILLUMINATION ON THE CALIBRATION MONOCHROM- 
ATOR APERTURE FOR RAYS FROM FIVE POINTS ON THE TEST MONOCHROM- 
ATOR SLIT. CASE FOR SINGLE MIRROR COUPLING OPTICS, 
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ZONES OF ILLUMINATION ON THE CALIBRATION MONOCHROM- 
ATOR APERTURE FOR RAYS FROM FIVE POINTS ON THE TEST MONOCHROM- 
ATOR SLIT. C U E  FOR TWO MIRROR TELESCOPIC COUPLING OPTICS. 
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of focus a t  t he  c a l i b r a t i o n  monochromator ape r tu re  when t h e  s i n g l e  coupling 
mir ror  i s  used. This ,  of course,  a f f e c t s  nothing more than t h e  image spread 
on the  c a l i b r a t i o n  monochromator aper ture .  Figures  14 and 15 show, r e s p e c t i v e l y ,  
t h e  images formed a t  t h e  e x i t  s l i t  plane of t he  c a l i b r a t i o n  monochromator f o r  
t he  s i n g l e  mir ror  o p t i c a l  coupl ing system, and f o r  t h e  double mir ror  o p t i c a l  
coupling system. The X2 and 22 axes of the c a l i b r a t i o n  monochromator a r e  the  
s l i t  axes used i n  Figure 14 and t h e  X3 and 23 axes a r e  t h e  s l i t  axes used i n  
Figure 15. Both f i g u r e s  use  the  same three  r ay  s t a r t i n g  po in t s  i n  the  (XO, 
YO,  ZO) a x i s  system, which i s  the  s l i t  ax is  of t h e  tes t  monochromator. 
Each of t h e  t h r e e  graphs of Figures  14 and 15 show t h e  maximum 22 or  23 spread 
of r ays  from a s i n g l e  r ay  s t a r t i n g  point  on the  s l i t  of t h e  t e s t  monochromator. 
They show t h a t  t h e  s i n g l e  mir ror  coupling system can g ive  a s l i g h t l y  b e t t e r  
image a t  t h e  c a l i b r a t i o n  monochromator e x i t  s l i t  than t h e  two-mirror coupling 
system. It i s  a l s o  seen t h a t  the image on the  e x i t  s l i t  of t he  c a l i b r a t i o n  
monochromator f o r  a s i n g l e  poin t  on the  tes t  monochromator s l i t s  may have a 
Z component as l a r g e  as .16 inches o r  4 mm. Thus, i f  t he  c a l i b r a t i o n  mono- 
chromator i s  t o  pass every ray  required by the  t e s t  monochromator which has  
s l i t  widths of 3 mm, then it i s  required t h a t  t h e  s l i t  width of t h e  C a l i -  
b r a t i o n  monochromator be 7 mm. 
Figures  14 and 15 a l s o  show, r e spec t ive ly ,  t he  focusing e f f e c t s  f o r  d i f f e r e n t  
s l i t  p o s i t i o n s  along the  X2 and X3 axes. 
g r e a t  a s  .1 inches with only a small  percentage change i n  t h e  22 and 23 e r r o r .  
These focusing ranges may be a s  
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2.3 Approximate Dimensions of Optical Components 
2.3.1 Gratings: 
Ruled Areas - 
Blaze Angle - 25' 
Lines/mm - 100, 250, 600 
200 mm high x 315 nun wide 
2.3.2 Collimating Mirror: 
To be cut from paraboloid mirror with following dimensions: 
Usable Diameter 20.2 inches 
Focal Length 
(Alternate focal length for 
complete monochromator without 
adjustment) 
Surface Accuracy 
20.000 - + .038 inches 
20.000 - + .001 inches 
Image circle of confusion for 
axial parallel illumination is 
.002 inches diameter 
This mirror may be cut precisely in half and each half further shaped to make 
collimating mirrors for two monochromators. 
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A P P E N D I X  
Some p e r t i n e n t  information r ega rd ing , th i s  
p r o j e c t ,  and which may prove u s e f u l  i n  the  
s tudy of t he  design f e a t u r e s  d iscussed  i n  
t h e  F i n a l  Report ,  was included i n  the  
Beckman Technical Proposa 1. 
po r t ions  of t h i s  Proposal a r e  included a s  
an  Appendix t o  t h i s  Report ,  
The p e r t i n e n t  
~ ~~ 
TECHNICAL PROPOSAL 
2.0 TECHNICAL DISCUSSION 
2.1 General 
The design of a monochromator having the performance c h a r a c t e r i s t i c s  r equ i r ed  
f o r  t he  s p e c i f i e d  c a l i b r a t i o n  purposes p re sen t s  several unusual and d i f f i c u l t  
problems. Among the  f a c t o r s  which must be considered,  i n  o r d e r  t o  a t t a i n  t h e  
optimum o p t i c a l  system, a r e  the  high degree of r e s o l u t i o n  necessary,  t h e  s t r a y  
energy c h a r a c t e r i s t i c s  of the  system, and t h e  environmental  c o n d i t i o n s  under 
which the  monochromator w i l l  be operated. These f a c t o r s  w i l l ,  f o r  t h e  most 
p a r t ,  d ic ta te  c e r t a i n  d e s i r a b l e  o r  necessary  design d e t a i l s ,  from which the  
o v e r a l l  monochromator design w i l l  be developed. Each of t hese  f a c t o r s  i s  
cons idered  s e p a r a t e l y  i n  the  fol lowing paragraphs,  followed by a summary of 
t h e  c o n s i d e r a t i o n s  which w i l l  e n t e r  into the  development of the  f i n a l  design. 
2.2 Resolu t ion  
The very  h igh  r e s o l u t i o n  requirements  f o r  t he  c a l i b r a t i o n  monochromator demand 
t h a t  g r a t i n g s  be used. There a r e  two general  systems f o r  us ing  g ra t ings1  System 
(1) uses  a f i x e d  en t rance  s l i t ,  a f i x e d  g r a t i n g  pos i t i on ,  and a movable ex i t  
s l i t  o r  m u l t i p l e  e x i t  s l i t s  o r  fi lm. 
s l i t s  f i x e d ,  and a r o t a t a b l e  gra t ing .  
System (2)  has  both en t rance  and e x i t  
System (1) used a t  f / 3  s u f f e r s  from a very  l a r g e  change i n  the magnitude of 
~ 
o p t i c a l  a b e r r a t i o n s  a c r o s s  t h e  ex i t  s l i t  image plane.  Th i s  has  been shown 
i n  "Study and I n v e s t i g a t i o n  of Op t i ca l  System", Phase I, F i n a l  Report, Con- 
I 
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tract 950880, Prepared by Beckman Instruments, Inc. for JPL. It was shown that 
for one ideal position on the exit slit image plane that aberration can be held 
to . 2  mm. However, the exit slit image aberration will be 6 times larger at 
wavelengths displaced 18" to either side, System ( 2 )  allows the exit slit to 
maintain its ideal location for all wavelengths. Only the grating is rotated 
for scanning wavelengths. The angular position of the grating modifies the 
aberration pattern at the exit slit only slightly. 
high resolution demands system (2 ) .  
Thus an f/3 monochromator of 
The resolution and resolving power of a grating monochromator may be found as 
follows: 
The general grating equation is 
N)( = a (sin i + sine) 
where 
N = grating order 
A = wavelength of light in p 
a = grating line spacing in p 
i = incident angle of light on grating 
8 = diffracted angle of light from grating 
For system (1) angle i is constant for all wavelengths while angle 8 varies. For 
system (2)  both angle i and angle 8 vary together and for wavelength determina- 
tions of the monochromator they may be considered equal. For resolution deter- 
minations they are also taken to be nearly equal but with angle i kept constant 
at a given wavelength and angle 8 allowed to vary about it. 
Differentiating the general equation 
Ndh = a cos8 d e  
2-2 
(radians/p) N a cos0 - 
de and - dh 
This is the angular dispersion function. 
The linear dispersion at the exit slit is then 
where 
F = focal length of monochromator in mm 
ds = spectral spread at exit slit in mm 
The value ( d s )  may also be considered the exit slit width when finding the mono- 
chromator resolution for a given slit width. Then the monochromator resolution is: 
a cos 8 ds dh = FN (Id 
If we introduce the term, k, which designates the number of lineslmm of the grating 
then the resolution equation becomes 
The resolving power of a monochromator is defined as 
and substituting for )r and dh 
a/N (sin i + sin 8 ) 
(a/FN)cos 8 ds R =  
and finally: 
F(sin i + sin 8 ) 
ds cos 6 R =  
This last equation is a general equation for the resolving power of a grating 
monochromator with a given slit width (ds), when (ds) is larger than the resultant 
half bandwidth due to the combined diffraction and optical aberrations at the 
I 
exit slit. 
I For the littrow type monochromator where angles i and 8 are nearly equal, resolving 
I 
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power may be written as approximately 
2F sin i 
ds cos i RL = 
and 
2F tan i 
ds RL = 
The grating presents many problems when the wavelength range to be covered is large 
such as the wavelength range fron 1p to 15p required for the calibration mono- 
chromator. This is a wavelength magnitude change of 15x. Any grating operated 
in its first order has an energy efficiency more than 50% for only a range of 
2.5~. In the second order the 50% efficiency range is reduced to 1.55~. Graphs 
I, 11, 111, and IV show four different grating plans. All gratings used for the 
first three graphs are standard B & L gratings in the 84 x 84 mm size. Definite 
improvements are possible by using non-standard gratings. 
by solid lines the theoretical efficiency of the gratings normalizing the efficiency 
to 1.0 at the blaze wavelength. (Real gratings have actual efficiences at the 
blaze wavelength as high as .85) .  
On each graph are shown 
The graphs show the incident angle i or diffracted angle (assuming here they are 
equal) as dashed lines. The half bandwidth resolution d A  for an exit slit of 
. 3  mm and a monochromator focal length of 10 inches is shown as the dash-dot lines. 
is shown as the dotted lines. The resolving power - A dA 
Graph I shows an arrangement using three separate gratings each in its first order. 
They are respectively a 300 l/mm, 150 l/mm and 7 5  l /mm grating. 
grating is used from lp to 2.611. The 150 l / m m  grating is used from 2 . 6 ~  to 6p. 
The 75 l / m m  grating is used from 6p to 15p. 
which allows them to mechanically replace one another. 
excellent energy efficiency. 
The 300 l /mm 
These gratings must be in a mount 
This arrangement has 
Nearly all wavelengths are above an efficiency of .5. 
2 -4 
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The resolving powers are low. They range from 260 at 1p to 1110 at 1511. The 
low resolving powers can be doubled by having special gratings made with 600, 
250 and 100 l /mm in place of those illustrated. 
Graph I1 shows an arrangement using a 300 l /mm grating in the first order for 
the wavelength range of 1p to 5p, and a 75 l/mm grating is used from 5p to 15p. 
Efficiency between 2 . 5 ~  and 5.5p is very low. This arrangement can be improved 
some by obtaining special gratings with better blaze wavelengths. 
Graph I11 shows an arrangement using two gratings each used in two orders. A 
150 l/mm grating is used in the second order from 1p to 1 . 3 ~  and in the first 
order from 1 * 3 ~  to 3.3~. 
to 5.41~ and in the 1st order from 5.4p to 151.1. 
distribution. 
a 200 l /mm and a 100 l / m m  in place of the 150 l /mm and 75 l /mm, respectively. 
Also a better choice of blaze wavelengths is possible. 
A 75 l / m m  grating is used in the 2nd order from 3.311 
This arrangement has good energy 
It can also be substantially improved by special gratings such as 
Graph IV shows the use of a single 100 l /mm grating (special grating) to cover 
the full wavelength. 
1st order from 1 . 7 ~  to 15p. 
range used this way, but the lop to 15p region is attenuated 10 times. 
is the wavelength region where high efficiency is most needed. 
It is used in the 2nd order from lp to 1 . 7 ~  and in the 
This single grating will actually cover the large 
This 
Another possible grating arrangement, not shown, is to use a single grating 
blazed in the 1st order at 8p for the wavelength range from 5.4~ to 1 5 ~ .  Its 
2nd order would be used from 3.1p to 5.4~1, the 3rd order from 2 . 2 ~  to 3 . 1 ~ ~  
the 4th order from 1.7p to 2 . 2 ~ ~  the 5th order from 1.411 to 1 . 7 ~ ~  the 6th order 
from 1.21-1. to 1 . 4 ~ ~  the 7th order from 1.05~ to 1 . 2 ~ ~  and finally the 8th order 
from ll~. to 1.05~. 
t 
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This arrangement has a resolving power of only 666 at lp for a 100 l/mm grating 
used in its 8th order. 
Beckman proposes that for high photometric reliability and for minimum polariza- 
tion effects, gratings should be used only in their first order. 
calibration monochromator is to be used over a wide range of temperatures and in 
vacuum, its output energy must be a reliable repeatable standard, thus only gratings 
used in their first orders seem satisfactory. 
The subject 
As shown in Graph I, three different gratings each used in its first order are re- 
quired to cover the wavelength range of 11.1 to 15p. 
(1) the three gratings be mounted simultaneously in a mount which automatically 
switches the proper grating into operating position for each wavelength region, 
or (2) the gratings may be in individual pre-aligned mounts which allow them to be 
manually but quickly interchanged. A single linearized wavelength drive cam can 
serve all gratings. 
Beckman proposes either that 
The dispersion data in the Graphs are for a single monochromator of 10 inch focal 
length. These values would be doubled by either using a single monochromator of 
20 inch focal length or a double monochromator of 10 inch focal length. The values 
of the Graphs would be 4 times greater for a double monochromator of 20 inch focal 
length. All of these designs will fit the physical space requirements. Weighing 
the costs against resolution needs will determine the focal length and number of 
monochromators to be used. 
mm slit width is more important than cost factors, then the double monochromator 
with 20 inch focal length is necessary. 
obtain an i or 6 
If the requirement of a resolving power of 1000 at . 3  
Also special gratings will be required to 
range for each grating of from approximately 5" or 6 "  to about 50". 
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2 . 3  Stray Energy 
Stray energy is here defined as energy, emitted from the monochromator, made up 
of wavelengths other than the desired wavelength, For most applications it is 
required that total stray energy be less than .1% or 1% of the desired wave- 
length energy, some applications requiring even lower stray energy levels. Stray 
energy levels lower than .l% for the full wavelength range can be maintained 
with a prism monochromator in series with the grating monochromator. A system 
incorporating well designed filters, with an automatic interchange system as a 
function of wavelength, can hold stray energy levels to below 1.5% without the 
use of the prism monochromator. 
If a prism monochromator is used, only a single grating monochromator is applic- 
able. If filters are used instead of the prism monochromator, a double grating 
monochromator is usable. Beckman feels that only a careful study of the relative 
importance of resolution and stray energy will determine whether filters or a 
prism monochromator should be specified for the calibration monochromator. 
2 . 4  Environment 
The temperature range is extreme, and the anticipated temperature variations 
will create major problems. Some of these major problems are as follows: 
1. Expansion and contraction of the grating changes the line spacing and 
thus alters wavelength calibration, This must be compensated by the 
way the wavelength cam system is designed to expand and contract, 
2. The index of refraction of a prism is altered, thus changing wavelength 
calibration. This must be compensated by the way the cam shaft system 
expandsoand contracts. 
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The monochromator w i l l  be designed f o r  op t imal  o p t i c a l  performance as determined 
by r a c e  trace s tud ie s .  The e x i t  s l i t  func t ion  w i l l  be determined f o r  t h e  f u l l  
l e n g t h  of the s l i t  and f o r  a l l  i nc iden t  ang le s  of t h e  g r a t i n g s  and prism i f  
used. An image e r r o r  map of t h e  ape r tu re  w i l l  be determined. Such a map is 
used t o  eva lua te  t h e  c o r r e c t n e s s  of  focus by a shadow t e s t  a t  the e x i t  s l i t .  
The p o s i t i o n s ,  s i z e s ,  and shapes of  a l l  elements w i l l  be p r e c i s e l y  determined 
by r a y  trace techniques.  Pos i t i on ing  to l e rances  and component t o l e rances  w i l l  
be determined f o r  a l l  pa r t s .  
d e t a i l .  
Any necessary adjustments  w i l l  be descr ibed  i n  
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3, F i l t e r s  change t h e i r  wavelength cha rac t e r ,  and may have t o  be t i l t e d  
angu la r ly  t o  the beam a s  a func t ion  of temperature i n  o r d e r  t o  apply 
a compensating wavelength s h i f t .  
4 ,  I f  the  c o l l i m a t i n g  m i r r o r s  and support ing s t r u c t u r e  have d i f f e r e n t  
thermalc ,coef f ic ien ts  of expansion then the  monochromator i s  de-  
focused. Monometalic cons t ruc t ion  of m i r r o r s  and s t r u c t u r e  i s  des i r ed  
i f  poss ib le .  
5. Ro ta t ing  bear ings  can  e i t h e r  f r eeze  up o r  become too loose. Care 
must be taken i n  t h e i r  design. 
I n  t h e  f i n a l  r e p o r t  Beckman w i l l  d e t a i l  t h e  s o l u t i o n  f o r  each of these  prob- 
l e m s .  
2.5 Overa l l  Design 
